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Molecular diagnostics
The aim of molecular diagnostics is the detection of alterations in DNA or RNA. The 
research of these alterations becomes more and more important the last years. Small 
alterations in the DNA, the carrier of all genetic information, can lead to many different 
diseases, including cancer. These alterations can include chromosomal translocations or 
amplifications, deletion or insertion of one or several nucleotides or substitution of one 
nucleotide (point mutations). Next to these DNA mutations, which reflect pathology, there 
is a naturally occurring variation in the DNA of different persons, called polymorphism’s, 
like the variable number of tandem repeats (VNTR). Study of these mutations or 
polymorphism’s was complicated and labour intensive until the Polymerase Chain 
Reaction (PCR) [1] was developed. The PCR is an enzymatic thermal cyclic reaction, by 
which a specific part out of the enormous genome can be selected and amplified. This 
exponential amplification results in a large amount of the specific DNA sequence of 
interest which makes the search for DNA alterations less complicated.
Recently also alternative nucleic acid based amplification techniques have been 
developed. For example, NASBA (Nucleic Acid Sequence Based Amplification) is an 
isothermal procedure which uses RNA as template for amplification [2].
Analysis of the amplified products is usually done by slab gel electrophoresis. This 
separation technique has several disadvantages such as the need for radio-active labels 
or additional staining afterwards to visualise the PCR products, it is time consuming and 
labour intensive. A good alternative for slab gel electrophoresis is capillary 
electrophoresis.
C apillary electrophoresis
Capillary electrophoresis (CE), using fused silica capillaries with an internal diameter of 
75 |im, was first introduced by Mikkers et al. [3] and then by Jorgenson and Lukacs [4] 
almost two decades ago. CE is now widely accepted as an alternative separation 
technique for the more labour intensive slab gel techniques and as a complement to 
related techniques such as HPLC. After the initial phase of fundamental research and 
instrument development, CE is now, mainly because of the commercial availability of 
equipment, introduced as a routine analytical tool in many different fields of applications.
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Basic principles and instrumentation
Electrophoresis is a separation technique based on the difference in mobility of charged 
molecules under the influence of an applied electric field. In capillary electrophoresis the 
separation of molecules is performed in a narrow-bore fused silica capillary. Typical 
dimensions of a capillary are 25 to 100 |i m for the internal diameter, 375 |im for the outer 
diameter and 20 to 100 cm for the total length. The outside wall of a capillary is coated 
with polyimide, to make the glass capillary flexible and less vulnerable.
A key feature of CE is the overall simplicity of the instrumentation. Figure 1 shows a 
schematic drawing of a capillary electrophoresis instrument.
Fig 1. Schematic drawing o f a capillary electrophoresis instrument.
Both capillary ends are placed in buffer reservoirs. Each buffer reservoir also contains an 
electrode. Using a power supply, a high voltage (typically ranging from 5 to 30 kV, which 
results in field strengths ranging from 200 to 400 v/cm) can be applied to the capillary. 
These high voltages are possible because the dimensions and the material 
characteristics of the capillary result in an effective heat dissipation and a high ohmic 
resistance. External thermosetting to control the outside temperature of the capillary is 
established by forced air or fluid circulation.
A sample is introduced in the capillary either by electrophoretic or hydrodynamic 
injection. During electrophoretic injection a high voltage is applied while the capillary
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inlet is placed in the sample vial. The molecules in the sample migrate into the capillary 
under the influence of the applied voltage. The amount of each sample component 
injected into the capillary differs because of the difference in the individual mobility’s, so 
the quantity of sample loaded is dependent of the sample matrix. A widely used 
alternative is hydrodynamic injection, which is achieved by applying a pressure to the 
sample vial, by creating a vacuum to the outlet of the capillary or by elevating the sample 
vial relative to the outlet buffer vial, all while the capillary inlet is placed in the sample. 
This way a part of the sample volume is introduced in the capillary and therefore there is 
no discrimination, based on a difference in mobility, among the different sample 
components.
After injection and replacement of the sample vial by a buffer vial, the molecules migrate, 
under the influence of an applied voltage, from the inlet side to the outlet side of the 
capillary. Since the polyimide coating is not transparent, a small section of the polyimide 
coating at the end of the capillary is thermally or chemically removed, providing a 
detection window for on-line detection. This way the separated sample components can 
be monitored by the detector as they migrate through the detection window.
15 20 25 30 35
Time (min)
Fig 2. Electropherogram o f the molecular weight marker pBr 322 Hae III, with fragment lengths: 51-57-64 80­
89-104-123+124 184-192-213-234-267 434-458-504-540-587 bp.
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Information of the detector is send to a computer, where it can be processed and stored 
by a data-acquisition system. The detector signal is displayed as peaks on an 
electropherogram, with on the x-axis the time and on the y-axis, for example, the UV 
absorbance (Fig. 2). All the early work in CE was carried out in home build devices 
based on this basic configuration. These systems, though suitable for experimental 
research, were not suitable for routine analysis. The introduction of fully automated 
instruments with computer control of all operations offered new possibilities for routine 
analysis.
Different modes o f separation
In capillary electrophoresis different separation modes exist, all with their own separation 
principle. The most widely used mode, due to its simplicity, is Capillary Zone 
Electrophoresis (CZE), where the separation is based on the difference in the charge-to- 
mass ratio of the molecules in a sample [4]. CZE employs a single buffer system in free 
solution. Another mode is Capillary Isoelectric Focusing (CIEF), used to separate 
proteins with a different isoelectric point [5]. CIEF consists of three steps; sample 
injection, focusing and mobilisation. First the capillary is filled with a mixture of sample 
and ampholytes (with a range of pI’s), then a high voltage is applied so a pH gradient is 
established and the proteins migrate to their neutral point in the capillary. In the third step 
the focused proteins are moved towards the detector by changing the terminating buffer, 
using pressure or both simultaneously. A third mode is Capillary Isotachophoresis (CITP) 
[6], which employs a heterogeneous buffer system. The capillary is filled with a leading 
electrolyte that has a higher mobility than any of the molecules in the sample. After 
sample injection the capillary system is completed by a terminating electrolyte, that has a 
lower mobility than any of the molecules in the sample. During application of a high 
voltage, stable zone boundaries of the molecules are formed between the leading and 
the terminating electrolytes, based on their individual mobility’s, which results in highly 
efficient separations. CITP is currently also used as a preconcentration step of a sample 
in the capillary [7]. A mode to separate also neutral molecules is Micellar Electrokinetic 
Chromatography (MEKC) [8]. In this mode the capillary is filled with a buffer containing a 
surfactant at a concentration higher than its critical micelle concentration. The separation 
is based on the difference in hydrophobic character of the molecules in the sample.
All of the above modes are not suitable to separate DNA molecules, since all DNA 
molecules have the same charge-to-mass ratio, which results in an equal mobility of
9
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different sized DNA molecules in free solution. This means that the capillary has to be 
filled with some kind of sieving matrix, to separate the DNA molecules based on their 
length. This mode is called Capillary Gel Electrophoresis (CGE).
Capillary gel electrophoresis
The introduction of gel filled capillaries was an important step in the development of 
separations of DNA molecules [9]. The use of cross-linked polyacrylamide gel 
("chemical" gel) filled capillaries results in high separation efficiencies and resolutions. 
However, the preparation of such capillaries is difficult and not very reproducible 
because of the possible formation of air bubbles inside the capillary, due to shrinkage 
during polymerisation of the gel. Also the lifetime of such a capillary is short, because 
once a bubble is formed, during injection of the sample or during analysis, the capillary 
becomes useless. A solution for the inconvenience of cross-linked polyacrylamide gels is 
the use of entangled polymers ("physical" gel) as sieving matrix [10,11]. Examples of 
entangled polymers are linear non-cross-linked polyacrylamide, hydroxyethylcellulose 
(HEC), hydroxypropylmethylcellulose (HPMC), methylcellulose (MC) and polyethylene 
glycol (PEG). The great advantage of using these entangled polymers is the ease of 
filling and flushing the capillaries after each analysis. This way the lifetime of a capillary 
is prolonged and the analyses are more reproducible. A disadvantage is the lower 
resolution compared to cross-linked gels.
A difficulty when using gel filled capillaries is that the inside wall of the capillary has to be 
coated to suppress the electroosmotic flow (EOF) (Fig. 3). An uncoated capillary has 
negative surface charges, due to ionisation of the silanol groups of the wall of the fused 
silica capillary at pH values above 3. The positive ions in the buffer are attracted to this 
negatively-charged wall, creating an electrical double layer.
Si Si Si Si Si Si Si
O“ O" O_
+  +  +  +  +  +
+ O O O O  +  +  +  +  +  +
EOF
+
+
O
1
+  O+ +  O +  O +
1 1 1
+
O
1
+  +  +
O O
1 1
Si Si Si Si Si Si Si
+
Fig 3. Representation o f the electroendosmotic flow (EOF).
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When a high voltage is applied, these positive ions in the double layer migrate in the 
direction of the cathode, creating a net flow towards the negative electrode. This EOF 
results in poor resolution and reproducibility when analysing DNA fragments in an 
uncoated gel filled capillary and therefore has to be eliminated.
Hjerten [12] used an organosilane-based surface as a linkage to the molecules used for 
coating and entanglement of the sieving matrix. This way the EOF can be suppressed 
when using gel filled capillaries. Many laboratories coat their capillaries themselves, 
which is time consuming and often not reproducible. However, for standardised and 
routine applications, many commercial gel filled capillary columns, coated capillaries or 
complete analysis kits are available from numerous manufactures. Another way to 
suppress the EOF is using additives (dynamic coaters) in the sieving buffer. These 
sieving matrices with additives can be used in uncoated capillaries.
Detection
A great advantage of capillary electrophoresis is the on-line detection and the possibility 
to use different detectors. The most commonly used detection method is UV absorbance. 
Since most molecules show UV absorbance, the detection method can be applied 
universally. Molecules without UV absorbance can be analysed using indirect UV 
absorbance [13,14]. A problem with UV absorbance detectors is the low sensitivity, due 
to the small size of the capillary detector cell (25-100 |im). With the introduction of Laser 
Induced Fluorescence (LIF) detectors the detection limit improved 100-1000 times 
compared to UV absorbance. However, the applicability of a fluorescence detector is not 
so common, since many compounds do not have native fluorescence. A solution for this 
drawback is derivatisation, though this is still limited because of ineffective derivatisation 
reactions. For DNA analysis there are two ways of using LIF detection. One way is to 
label the oligo, used in the PCR reaction, with a fluorescent label. This way the label is 
incorporated in the final product and the product can be detected using LIF. An 
advantage of this labelling technique is the specific detection, only labelled DNA 
products are visualised. Because more and more labels, with different excitation and 
emission characteristics, become available (like FAM, JOE, HEX, or TAMRA), it has 
become possible to perform multicolour detection. Especially in sequencing this is a 
benefit. Another way of detecting DNA fragments with LIF is using fluorescent 
intercalators like ethidium bromide, thiazole orange, sybr green or YO-PRO-1 [15,16]. 
These intercalators are added to the buffers and bind to the DNA via insertion, so no
11
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chemical reaction is needed. A disadvantage of using intercalators may be that only 
double stranded DNA can be detected. Therefore it is not possible to use intercalating 
molecules in a denaturing gel. Another disadvantage can be that the DNA/intercalator 
complex has a lower mobility than DNA by itself, which increases the analysis time. An 
advantage of using intercalators and LIF detection over UV absorbance is that the 
DNA/intercalator complex strongly fluoresces when excited by the appropriate laser, 
whereas the intercalator alone or an intercalator/non-DNA complex does not, resulting in 
a “cleaner” electropherogram. The use of an intercalating dye to detect DNA is more 
sensitive than the use of a fluorescent label in the PCR, because in the latter the 
maximum number of fluorescent tags per PCR product is two (when using two labelled 
primers) while fluorescent dye molecules can intercalate in the DNA at multiple sites, 
resulting in more fluorescent tags per PCR product. For example, thiazole orange 
appeared to bind to DNA at a ratio of one dye molecule per every two bp of DNA [17]. 
Diode Array Detection (DAD) can complete the UV or LIF detection providing the whole 
UV/VIS cq. emission spectrum on-line.
Other modes of detection used in capillary electrophoresis are conductivity, 
electrochemical and mass spectrometry. The combination of capillary electrophoresis 
and mass spectrometry is becoming a powerful technique for the identification of 
unknown molecules in a complex matrix. The research in optimal detection is on going. 
The detectors are optimised or extended with regard to sensitivity or possibilities (for 
example dual laser detector). Much effort is made to increase detection sensitivity. A 
possible way is to use an extended light path, for example the Z cell [18] or the bubble 
cell [19].
More details about theory, principles, separation modes, method development, 
instrumentation and applications are described in a number of reviews [20-24] and books 
[25-27].
Applications
Because of the possibility to use different modes of electrophoresis and the flexibility of 
changing buffers, capillaries and separation parameters, CE can be applied to separate 
a wide variety of compounds, including peptides, proteins, PCR products, 
oligonucleotides, carbohydrates, vitamins, organic acids, drugs, amino acids, inorganic 
ions, dyes, chiral components and industrial polymers. This means that CE is usable as a 
separation technique in many different fields of interest: clinical laboratories, genetic and
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medical research, forensic sciences, pharmaceutical industries, chemical industries and 
molecular diagnostics.
Capillary electrophoresis in molecular diagnostics
Amplification techniques, like PCR or NASBA, play an important role in molecular 
diagnostics. Usually the analysis of the amplification products is performed by slab gel 
electrophoresis. A good alternative for this labour intensive and time consuming 
technique is capillary electrophoresis. The advantages of this separation technique are 
numerous. Because of the high surface-to-volume ratio the Joule heat dissipation is very 
good. This allows the use of very high voltages (5 to 30 kV), which reduces the analysis 
times. Other advantages are the minute sample and buffer requirements, the on-line 
detection, the high resolution and the good reproducibility. But the most important 
advantage, especially when used in a routine laboratory, is the full automation of 
capillary electrophoresis. Sample loading, separation, detection and, if necessary, 
quantification are all programmed and therefore standardised. Furthermore the results of 
the analyses are stored into a computer as raw data. This means that a hard copy of all 
data is available at any time for editing or reanalysing. These last two aspects of capillary 
electrophoresis suit very well within the scope of good laboratory practice (GLP), which is 
important when capillary electrophoresis is used as a routine separation technique.
The disadvantage of capillary electrophoresis is the sequential analysis of the samples, 
making the overall analysis time of multiple samples longer than when analysed on a 
slab gel where multiple samples are analysed at the same time. This disadvantage can 
be overcome by using several capillaries at the same time (capillary array) [28], by 
shortening the analysis time (the pBr 322 Hae III dsDNA standard was separated within 
30 s) using very short capillaries (3-7 cm) [29], by analysing multiple samples at the same 
time using different labels for each sample or by using a multiple injection procedure [30]. 
In view of the large number of publications in the last few years, capillary electrophoresis 
has become, because of these advantages, an established technique in molecular 
diagnostics. It has been applied to detect point mutations, either by using the Single 
Stand Conformation Polymorphism (SSCP) method [31], the Constant Denaturant 
Capillary Electrophoresis (CDCE) method [32] or the primer extension method [33]. Other 
applications are DNA sequencing [34], quality control for oligonucleotides [35],
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quantification of chromosomal translocations [36], analysis of DNA restriction fragments 
[37] and analysis of Short Tandem Repeats (STR) to determine the origin of certain cells 
(donor/patient or victim/offender identification) [38]. A validated application of capillary 
electrophoresis in a routine laboratory is the analysis of the Factor V point mutation, 
amplified by a allele specific amplification protocol [39]. Analysis and conformation takes 
10 minutes, after which the results of the test can be given.
A new aspect of capillary electrophoresis is the separation performed using a chip. This 
way the separation is faster and more standardised. A combination of CE and, for 
example, PCR on a chip [40] gives a lot of opportunities. Already the term "lab-on-a-chip" 
is introduced [41], which reflects the impact the chips will have in a routine laboratory.
The development of capillary electrophoresis instruments and applications is still not at 
its end. But because of its many advantages capillary electrophoresis already plays an 
important and fast growing role in routine molecular diagnostics.
Aim of this thesis
The aim of this thesis is to combine the enormous potential of nucleic acid amplification 
procedures with the excellent separation capabilities and automated procedures of 
capillary electrophoresis. This is based on the increasing importance of molecular 
diagnostics and the need to automate these DNA analyses. This aim can be realised by 
several approaches.
One approach is to introduce capillary electrophoresis in molecular diagnostics as an 
alternative for the labour intensive slab gel electrophoresis. This involves the 
development of CE analysis procedures of PCR products, which means the optimisation 
of several separation parameters like buffer and gel system, temperature, capillary length 
and diameter, injection mode and sample preparation.
The other approach is to automate steps prior to sample analysis. For example an on-line 
denaturing step of PCR products for point mutation detection using the Single Strand 
Conformation Polymorphism method and liquid handling for composing an amplification 
reaction mixture.
The ultimate goal is the development of a highly efficient and highly reproducible 
automated system for molecular diagnostics by the integration of a nucleic acid 
amplification method and capillary electrophoresis. Because amplification, analysis and
14
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conformation are performed in one apparatus (a closed CE system), this combination will 
provide an important tool in automation of DNA analysis.
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Abstract
We investigated whether capillary electrophoresis (CE) in a polymer network could be 
used for single strand conformation polymorphism (SSCP). SSCP is a method to detect 
DNA point mutations, essential in the diagnosis of several diseases. PCR amplified p53 
gene, a tumour suppressor gene known to be frequently mutated in malignant cells, was 
subjected to CE analysis. This way we could separate two single strand DNA fragments 
of 372 bp in length differing in only one nucleotide. We conclude that SSCP using CE in 
a polymer network is a powerful method for the detection of point mutations in DNA 
sequences.
Introduction
Point mutations are nucleotide changes in both complementary strands of the 
deoxyribonucleic acid (DNA) molecule, the carrier of genetic information. When a 
mutation occurs in the germ line DNA present in a gamete and interferes with the function 
of genes, it can result in a genetic transmissible disease. During recent years, a lot of 
information was generated about DNA mutations involved in the multistep nature of 
cancer. Cancer is a distinct type of genetic disease in which not one, but several 
mutations are required. Each mutation drives a wave of cellular multiplication associated 
with gradual increases in tumour size, disorganisation and malignancy. Three to six such 
mutations appear to be required to complete this process [1]. Part of these mutations are 
point mutations in the DNA, others are chromosomal aberrations like translocations, 
deletions, amplifications and inversions. The detection of DNA point mutations might be 
helpful for the diagnosis of genetic diseases and cancer.
Point mutations can be detected by several techniques, most of them use slab gel 
analysis. To increase the sensitivity of these techniques, DNA fragments can be 
multiplied prior to analysis by enzymatic amplification, using the polymerase chain 
reaction (PCR) [reviewed in 2]. The denaturing gradient gel electrophoresis (DGGE) 
technique allows double stranded amplified DNA products that differ by one or more 
mutations to be separated on acrylamide gels cast with linear gradients of denaturants, 
because mutations alter the DNA segments resistance to denaturation resulting in 
changes in mobility on gradient gels [3]. Alternatively, localisation of point mutations in
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PCR amplified products is also possible by a method using chemical modification. In this 
method heteroduplexes are generated between normal and mutated single strand DNA 
molecules. A nucleotide mismatch will be produced at the site of the mutation. 
Mismatched cytosine or thymine residues are sensitive to modification by hydroxylamine 
or osmium tetroxide ('HOT') respectively. After this modification, the DNA heteroduplex is 
sensitive to piperidine cleavage. Cleavage products of different lengths can be separated 
on a denaturing acrylamide gel [4]. A third and more simple method for the detection of 
nucleotide substitutions is the single strand conformation polymorphism (SSCP) 
technique. Point mutations give rise to conformational changes of the single stranded 
DNAs and lead to a mobility shift of the DNA fragments on neutral polyacrylamide gels. 
This SSCP technique is a convenient and efficient method for the detection of point 
mutations [5].
The techniques mentioned above merely detect small changes in the DNA but they do 
not provide information about the nature of these changes. For this, DNA sequencing is 
the appropriate technique [6].
The fast development of applications using capillary electrophoresis, a family of related 
techniques that use narrow capillaries to perform high efficiency separations of 
molecules [reviewed in 7], were a reason for us to investigate whether SSCP of DNA 
molecules could also be detected using capillary electrophoresis (CE) in a polymer 
network instead of the traditional polyacrylamide gel electrophoresis (PAGE).
We studied whether we could detect point mutations in the p53 gene located on the short 
arm of chromosome 17 [8]. This gene is known to be frequently mutated in malignancies 
and can therefore be used as a molecular marker for (pre-)malignant cells [9]. The p53 
gene contains five evolutionary conserved regions and the mutations are clustered in 
region II-V [10]. As a model, we used DNA derived from the cell line CEM and from 
patients with Multiple Myeloma [11].
We present the use of CE for the detection of small DNA changes. This CE application 
will be compared with the use of conventional slab gel electrophoresis. As will be 
demonstrated, the advantages of the CE method are numerous compared to other 
techniques used for the detection of point mutations. CE opens the possibility for regular 
screening of patient samples, which is important for the diagnosis of several diseases.
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Experim ental
DNA isolation
DNA was isolated [12] from normal white blood cells derived from a pool of 30 normal 
persons, the heterozygous cell line CEM which contains a p53 point mutation in one of its 
alleles the other being normal, and bone marrow cells of two Multiple Myeloma patients 
known to have a p53 point mutation. These patients and the cell line material were the 
same as used in Willems et al. [11].
Amplification o f the p53 mutation clusters A and B by Polymerase Chain Reaction (PCR) 
Primers used for amplification of the mutation clusters A and B of the p53 gene were 
synthesised on a 391A DNA synthesiser (Applied Biosystems, Warrington, UK). The 
names and the sequences of the primers used were: p53-i3-primer ; 5'-TTT CTT TGC 
TGC CGT GTT CCA and p53-AS1-primer; 3'-ATA AGA TGC TGA GGA GGG GC. 
Positions of the 5' end of the primers in the p53 sequence are 12973 and 13344 
respectively [13]. The 100 |i l PCR mixture contained 30 pmoles of each primer, 250 |i M 
dNTP's and 2,5 U Taq DNA polymerase® (Life Technologies, Gaithersburg, MD USA). 
PCR was performed for 35 cycles at 95° C for 1 min, at 56° C for 1 min and at 72° C for 1 
min in a Perkin-Elmer Cetus thermocycler®. The length of the generated PCR fragment 
was checked on a 2% agarose gel.
Preparation o f PCR samples prior to CE analysis
The PCR products were ethanol precipitated, rinsed with 70% ethanol to lower the salt 
concentration, and dissolved in TBE (90 mM Tris-borate pH 8.3, 0.2 mM EDTA). Prior to 
SSCP analysis the samples were heated to 90°C for 3 min, snap cooled and kept on ice 
water for 10 min, to melt the double stranded DNA molecules into single stranded before 
electrokinetic injection onto the column filled with a polymer network.
Capillary Electrophoresis
A fused silica capillary with an internal diameter of 75 |im and an effective length of 310 
mm was precoated with 3-methacryloylpropylmethoxysilane. The coated capillary was 
mounted in an assembly cartridge and placed in a Bio-Rad BioFocus® 3000 CE 
instrument. Additional coating was performed by purging for 5 min with a 4% acrylamide 
(4% T, 0% C) solution. The acrylamide was left in the capillary for 1 h to polymerise using
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8 |il 10% N,N,N',N'-tetramethylethylenediamine (TEMED) and 4 |il 10% ammonium 
persulfate (APS) per ml acrylamide solution [14]. This prepared capillary could be used 
for at least 20 runs using the following protocol. After each run the capillary was rinsed 
with water for 2 min and filled again with the polymerised 4% linear polyacrylamide 
network by purging for 5 min using 8 bar pressure. The polyacrylamide network 
contained TAE buffer (40 mM Tris-acetate pH 8.3, 2 mM EDTA). Before electrokinetic 
injection of the sample the inlet end of the capillary was dipped in water to prevent 
contamination of the sample. Injections were performed at reversed polarity (cathode at 
the injection side) of 167 V/cm for 10 or 20 s and separations were performed at reversed 
polarity under constant voltage of 250 V/cm, in TAE running buffer (same concentration 
as above). Buffers were degassed by bubbling helium through the solutions for 15 min. 
SSCP analyses were performed using UV absorption at 260 nm for detection. During the 
run the temperature of the carrousel was kept at 15° C and the capillary was kept at 25° C. 
The molecular marker used was pBr322 DNA digested by the Hae III restriction enzyme 
(DNA MW marker V, Boehringer Mannheim, Germany), resulting in fragment sizes of 8, 
11, 18, 21, 51, 57, 64, 80, 89, 104, 123, 124, 184, 192, 213, 234, 267, 434, 458, 504, 540 
and 587 bps.
Fractionation
With the BioFocus 3000 Integrator program (Bio-Rad™) the peaks on the 
electropherogram of a test run were integrated. In the fractionation run samples were 
collected in a vial containing 10 | l TAE running buffer every 15 s during 3 min starting 1 
min before the first peak. To avoid contamination, in between every fraction a 0.01 min 
sampling wash step was simulated in a new vial containing 500 |il TAE running buffer. 
An aliquot of 5 |il of all fractions was directly used as template in a 25 cycles PCR using 
the same conditions as described before. These PCR products were not ethanol 
precipitated before CE re-analysis.
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Results
Analysis o f Single Strand Conformation Polymorphism’s o f amplified DNA fragments by 
Capillary Electrophoresis in a polymer network
DNA amplification of the point mutation clusters A and B of the p53 gene resulted in a 
DNA fragment of 372 base pairs. This corresponds to the expected size based upon the 
p53 sequence [13]. The PCR product was tested on a conventional 2% agarose gel (data 
not shown) and on a capillary filled with a linear 4% polyacrylamide network.
10 20 30
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Fig 1. (a) Electropherogram o f a pB r 322 Hae III DNA molecular weight marker with fragment lengths: 51-57-64 
80-89-104-123+124 184-192-213-234-267 434-458-504-540-587 bp. (b) Electropherogram o f a double  
stranded p53 AB amplified fragment (372 bp) o f normal DNA. (c) Electropherogram o f a denatured p53 AB  
amplified fragment o f normal DNA.
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We used the migration times of a pBr322 Hae III DNA restriction fragment marker (Fig. 
1a) to compare the migration time of the double stranded PCR fragment (Fig. 1b) with. 
Peaks in the electropherograms of PCR fragments at migration times of about 8 to 12 min 
are due to DNA primers, salt, enzyme and nucleotides used in the PCR. Figure 1c shows 
the electropherogram of the single stranded PCR fragments of normal white blood cells 
after denaturation of the DNA. Because of the complementary nucleotide sequence of the 
two single strands of one DNA molecule, their folded conformation will be different. This 
obviously leads to different mobility's in the polyacrylamide network and results in two 
different peaks at 24.86 and 25.71 min on the electropherogram. The double stranded 
DNA peak at 18.18 min still present in the denatured sample is due to incomplete 
denaturation of the double stranded DNA and renaturation of both single strand 
fragments in the vial before loading.
With the conditions for the analysis of the heterozygous cell line CEM used in this study, 
apart from the double stranded DNA peak at 14.70 min, four other fragments are visible 
on the electropherogram at 17.11, 17.39, 17.70 and 17.87 min, indicating the presence of 
more than one DNA sequence (Fig. 2).
0 5 10 15 20 25 
Time (min)
Fig 2. Electropherogram o f the p53 AB amplified fragment o f cell line CEM, after denaturation. Migration time 
o f the double strand peak is 14.70 min. Migration time o f the single strand peak 1 is 17.11, o f peak 2  is 17.39, 
o f peak 3 is 17.70 and o f peak 4 is 17.87 min.
Figure 3 shows the separation of the PCR fragments of Multiple Myeloma patients 1 and 
2 known to have a point mutation in the AB mutation cluster of the p53 gene [11]. The 
double stranded DNA fragments derived from patients have the same size as the
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fragment derived from normal DNA which was checked on agarose gel (data not shown). 
After denaturation, the electropherogram shows more than two single stranded peaks, 
again indicating the presence of more than one DNA sequence.
15 20 25 30 35 40 15 20 25 30 35 40
Time (min) Time (min)
Fig 3. Electropherogram o f the p53 AB amplified fragment o f patient 1 (a) and 2  (b) after denaturation.
Analysis o f fractionated peaks on electropherogram by Capillary Electrophoresis in a 
polymer network
To prove whether different peaks observed in the electropherogram of cell line CEM 
corresponded to different sequences, all the fifteen collected fractions were re-amplified 
by PCR. All the amplified fractions showed an amplification product on agarose gel, 
whereas no amplified DNA was present in the negative control reaction in which water 
was used instead of DNA template (data not shown). Results of CE analysis of re­
amplified fractions 5 and 8, corresponding to peak 1 (17.11 min in Fig 2) and 2 (17.39 
min in Fig. 2), are shown in Fig. 4a and 4b. In a PCR amplification of the fractionated 
single strand peak, also its complementary sequence is generated and amplified. This 
leads to two single strand peaks on the electropherogram. CE analysis of a mixture of 
fraction 5 and 8 is shown in Fig. 4c. The fractions 5 and 8 give rise to different 
electrophoretic patterns and therefore four peaks are observed. This indicates that the 
different peaks indeed contained different p53 sequences. CE analysis of a mixture of 
fraction 5 and normal DNA shows three single strand peaks and a mixture of normal DNA 
and fraction 8 shows only two single strand peaks (Fig. 5a and 5b).
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Fig 4. The electropherogram o f single strand peak 1 and 2  (see Fig 2) after PCR amplification and 
denaturation is shown in (a) and (b), respectively. The electropherogram o f a mixture o f peak 1 and 2  is shown 
in (c).
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Fig 5. Electropherogram o f a mixture o f amplified normal DNA and amplified peak 1 (a) and o f amplified normal 
DNA and amplified peak 2  (b) after denaturation.
Discussion
We decided to investigate the feasibility of detection of single strand conformation 
polymorphism (SSCP) of DNA molecules using capillary electrophoresis (CE) in a 
polymer network because of several advantages of SSCP above the chemical 
modification or the denaturing gradient gel electrophoresis method. First, SSCP analysis 
is performed on a simple non-denaturing gel which is easy to make. Second, the 
technique can be used in a preparative way. Mutated DNA strands can be re-amplified 
and subjected to further analysis. Third, for the detection of point mutations the presence 
of normal DNA in the same sample is not necessary as is in the chemical modification 
method.
We tested the technique on the cell line CEM (Fig. 2) and patients 1 and 2 (Fig. 3). If a 
test sample when compared to the normal control sample showed a different number of 
peaks on a SSCP-CE electropherogram, we concluded that the sample contained a 
(point)mutation. The cell line CEM contains one normal and one point mutated allele of 
the p53 gene as shown before [11]. We used CE in a preparative way to prove that the 
different peaks represent different DNA sequences. DNA was obtained by fractionation 
followed by PCR amplification and a secondary CE analysis. This way DNA obtained 
from sampling of peak 1 was shown to have its sequential counterpart in peak 3. The
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same goes for peak 2 and 4. By comparison of these electrophoretic patterns with normal 
DNA we conclude that the DNA represented by peaks 1 and 3 contained the p53 point 
mutation (Fig. 5a).
The patients 1 and 2 are known to have a point mutation in the AB mutation cluster of the 
p53 gene [11]. Because the p53 mutation exists only in the malignant cells in a 
background of normal cells the electropherogram should reveal more than the two single 
strand peaks of the normal cells. Figure 3 indeed shows more than two peaks indicating 
the presence of point mutated malignant cells.
Our results show that it is possible to separate two single stranded DNA molecules of the 
same length differing in just one nucleotide using CE in a polymer network. Compared to 
the detection of point mutations by the SSCP technique using conventional slab gels, 
SSCP-CE has great advantages. It is less laborious, the time used per sample for 
analysis is much shorter (30 min vs. several hours) and the amount of sample needed for 
analysis is very small (far more than 100 CE analyses can be done with one PCR). An 
important additional advantage of SSCP-CE is that the detection is non-radioactive and 
the commercially available systems are automated. Other systems for non-radioactive 
SSCP analyses exist, but these systems are not automated, only able to run a few 
samples at a time, and the staining of gels takes additional time [15, 16]. UV detection of 
SSCP patterns by CE is direct and data are stored as an electropherogram which can be 
used for re-evaluation, for example for quantification. Another important advantage of 
SSCP-CE analysis is the possibility to use the technique in a preparative way in 
combination with PCR, as shown above. Ultimate prove for the presence of point 
mutations is delivered by re-analysis of different fractions or by DNA sequencing.
A problem in this study was the fact that the PCR amplified fractions collected before and 
after the single strand peaks and used as negative controls also were positive on 
agarose gel. Secondary CE analysis showed four peaks (data not shown). Because the 
PCR using water instead of DNA template was shown to be negative, contamination in 
the PCR could be excluded. We conclude that in all the samples collected by 
fractionation a background of DNA was present, even when the sample was collected 
from the base line. This background did not interfere with our analysis since the DNA 
collected from a UV peak on the electropherogram was strongly enriched for one 
sequence and that sequence was mainly amplified in the PCR (Fig. 4). Whether vigorous 
rinsing and cleaning steps can prevent this contamination remains to be studied.
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It is known that the conformation of a DNA fragment in non-denaturing polyacrylamide 
gels depends strongly on the percentage of acrylamide, the temperature and the 
presence or absence of glycerol. Therefore, for screening of DNA from which it is not 
known whether it contains point mutations it is necessary to perform the SSCP analysis 
under more than one condition to minimise false negatives [5]. With CE using linear 
polyacrylamide networks it is easy to purge, wash and re-fill the capillary and run 
different conditions subsequently and in an automated way. In this study we only used 
PCR fragments known to have a p53 mutation so it was not necessary to use more than 
one conditions to detect all mutations. Under the used temperature and polymer network 
condition no false positive or negative SSCP results were observed in repeated runs.
We detected point mutations in fragments of 372 bp. Using the conventional slab gel 
SSCP point mutations could be detected in fragments differing in size from about 100 to 
400 bp [17,18]. Whether point mutations in fragments beyond these size limits can be 
detected using CE needs to be studied. How the sensitivity (i.e. the minimum amount of 
mutated DNA that can be detected in relation to the amount of normal DNA) of the CE 
relates to the conventional slab gel SSCP analysis is as yet unknown. Moreover, 
whether the resolution of the SSCP-CE can be increased in such a way that every DNA 
mutation can be detected in a single run remains a topic for further study as well.
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Abstract
Capillary Electrophoresis (CE) is a convenient, fast and non-radioactive method with 
possibilities for automatisation. To analyse single stranded DNA molecules in a more 
automated way, we developed a heating device to melt double stranded DNA fragments 
in the capillary during electrophoresis. In this study we used this device to obtain single 
stranded DNA, necessary for the detection of point mutations in DNA using the Single 
Strand Conformation Polymorphism technique. Results show that double stranded DNA 
molecules can be melted on-line into single stranded DNA molecules, although not for 
100%. In an attempt to find universal electrophoretic conditions for the analysis of single 
stranded DNA, we investigated the influence of several parameters on the yield of single 
stranded DNA molecules and on the resolution of the single stranded DNA peaks. We 
demonstrate that this heating device is a technical adjustment of CE which contributes to 
more automated analyses of DNA fragments.
Introduction
Since DNA mutations are involved in the pathogenesis of genetic diseases as well as in 
the multistep nature of cancer [1], efficient and reliable detection of those mutations is 
becoming more and more important for the diagnosis of these diseases. Often point 
mutations are involved, which are single nucleotide changes in both strands of the double 
stranded DNA (dsDNA). A simple method to detect point mutations is the Single Strand 
Conformation Polymorphism (SSCP) technique [2]. The technique is based on the fact 
that a single stranded DNA (ssDNA) molecule folds itself into a conformation which 
depends on its sequence. A point mutation alters the sequence of a ssDNA molecule and 
therefore the conformation. Because the mobility of a ssDNA molecule in a non­
denaturing gel depends on its conformation, mutant and wild type DNA molecules can be 
separated.
Several electrophoresis protocols can be used for SSCP analysis [3]. Recently we 
described the application of SSCP to Capillary Electrophoresis (CE) using a 4% linear 
polyacrylamide gel [4]. SSCP using CE was shown to be a convenient and non-radioac­
tive method for the detection of point mutations. Other methods for the detection of point
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mutations using CE are described, each with their own advantages and disadvantages [5, 
6, 7].
For the SSCP method it is necessary to have ssDNA. Usually this is obtained by heating 
and immediate cooling of the sample before injection. To automate the existing SSCP 
method and to limit sample handling before injection, we developed a heating device to 
obtain ssDNA molecules in the capillary during analysis. Using this heating device a very 
small part of the capillary (4 mm) is heated to 95° C. When a dsDNA fragment migrates 
through the heated part of the capillary it melts into ssDNA during electrophoresis. Further 
migration of the ssDNA molecules leads to immediate cooling of the ssDNA molecules, 
because directly after the heating device the capillary is cooled again.
This device differs from the one used in the Constant Denaturant Capillary Electrophoresis 
method described by Khrapko et al. [5]. They use a water jacket to heat a large part (10 
cm) of the capillary to a temperature (30-40° C) where dsDNA heteroduplexes are only 
partially melted and dsDNA homoduplexes remain unmelted. Using this device a heating 
and annealing procedure of half an hour before injection is still necessary.
Since, at one electrophoretic condition, the melting of dsDNA depends on the length and 
the sequence of the DNA fragment [8], we tested this melting procedure on several DNA 
fragments using CE in a Non Gel Sieving Buffer (NGSB). Furthermore, we investigated 
the influence of the temperature of the heating device, the salt concentration of the 
running buffer and the injected amount of PCR fragment on the yield of single stranded 
molecules.
To improve the separation of ssDNA molecules we tested several parameters known to 
have an influence on the migration of the single stranded molecules, for one DNA 
fragment. Preliminary results of this work were presented before [9].
Experimental
Material
DNA was isolated [10] from the cell lines CEM, MOLT-4 and SW480 and was used as 
template for respectively amplification of the P53 gene, the N-ras gene and the Ki-ras 
gene. A lysate from the Mycoplasma infected cell line CaCo2 was used to amplify the 
ribosomal RNA of the Mycoplasma.
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Polymerase Chain Reaction
Oligonucleotides used for amplification were synthesised on a 391A DNA synthesiser 
(Applied Biosystems, Warrington, UK). The sequences and positions of the 
oligonucleotides are listed in Table 1 and the PCR conditions for each fragment are listed 
in Table 2. PCR was performed in a Perkin-Elmer Cetus thermocycler (Perkin-Elmer, 
Norwalk, CT, USA).
The Taq (Thermus aquaticus) DNA polymerase was obtained from Life Technologies 
(Gaithersburg, MD, USA).
Table 1. The sequences and positions o f the oligonucleotides.
nr. sequence (5'-3') EMBL genbank 
Accession nr.
position
1 GACT GAGT ACAAACT GGTGG M10055 3-22
2 TGGGCCTCACCTCTATGGT M57430 190-198
3 GGCCTGCT GAAAAT GACT GA M54968 181-200
4 GTCCTGCACCAGTAATATGC L00045 226-245
5 IIICTTTGCTGCCGTGTTCCA X54156 12973-12993
6 ATAAGATGCTGAGGAGGGGC X54156 13325-13344
7 GCGGTGTGTACAAGACCCGA M23931 1370-1389
8 GCGGTGTGTACAAA(AC)CCCGA M24658 1369-1388
9 CGCCTGAGTAGTACGT(AT)CGC U04657 517-536
10 TGCCTG(AG)GTAGTACATTCGC L24103 847-866
11 CGCCTGGGTAGTACATTCGC M24293 873-892
12 CGCCTGAGTAGTATGCTCGC M23931 872-891
Table 2. The PCR conditions used for each fragment.
N-ras Ki-ras P53 Mycoplasma
oligo 1 + 2 3 + 4 5 + 6 7 t/m 12
amount each oligo (pmol) 30 30 30 80
template DNA (pg) 0.5 0.5 0.25 20 pl lysate
taq (units) 2.5 2.5 2.5 2.5
dNTP's (pM) 250 250 250 500
PCR volume (pl) 100 100 100 50
number of cycli 35 40 35 40
denaturation 30 s @ 94°C 30 s @ 94°C 60 s @ 94°C 60 s @ 94°C
annealing 30 s @ 55°C 30 s @ 55°C 60 s @ 56°C 60 s @ 50°C
extension 60 s @ 72°C 60 s @ 72°C 60 s @ 72°C 120 s @ 72°C
length PCR fragment (bp) 118 162 372 518
% GC 50 40.7 58.1 46.1
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Instrumentation
An uncoated fused silica capillary, 480 mm effective length and 0.075 mm i.d. (SGE, 
Ringwood, Victoria, Australia) was mounted in a User Assembled Cartridge and placed in 
a BioFocus 3000 CE instrument (Bio-Rad, Hercules, CA, USA).
For on-line melting the BioFocus User Assembled Cartridge was adapted (Fig. 1).
Fig 1. The modified BioFocus User Assembled Cartridge with the interrupted and diverted cooling flow and 
the heating device with the additional heating flow.
The temperature range of the capillary cooling flow was extended from 15-40° C to 0-60° C 
by using an external thermostatic waterbath instead of the BioFocus 3000 capillary 
cooling. For local heating, this water-cooling flow was interrupted and diverted at 146 mm 
from the inlet side and at right angles to this interrupted flow, another water flow was
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applied, which can be heated to 95° C by another external waterbath. The length of the 
capillary heated is 4 mm.
CE analyses
Prior to all analyses the capillary was rinsed, using a pressure of 100 psi, with water (60 
s), 1 M NaOH (50 s), 0.1 M HCl (20 s) and with 1xTBE (89 mM Tris-Borate, 0.2 mM 
EDTA, pH 8.3) (20 s) and then filled with 1:1 diluted Non Gel Sieving Buffer (kindly 
provided by Bio-Rad) for 50 s. PCR samples were pressure (5 psi) injected without pre­
treatment and separated at reversed polarity (cathode at the injection side) under constant 
current in a 1xTBE running buffer. UV absorption at 260 nm was used for detection.
Results and discussion
Polymerase Chain Reaction
The amplification of the N-ras gene of Molt-4 DNA, the Ki-ras gene of SW480 DNA and 
normal DNA and the P53 gene of CEM DNA resulted in a PCR fragment of respectively 
118 bp, 162 bp and 372 bp (Table 2). The amplification of the ribosomal RNA of 
Mycoplasma infected CaCo2 lysate resulted in a fragment of 518 bp. Using these 
amplification reactions we had a broad range in length and GC content of the PCR 
fragments to test the on-line melting procedure.
On-line melting
We described the application of SSCP to CE using a 4% linear polyacrylamide gel in a 
coated capillary [4]. Under these conditions the capillary coating decayed when heating 
part of the capillary to 95° C, resulting in a severe loss of resolution after repeated ex­
periments. We therefore used a Non Gel Sieving Buffer (NGSB) in an uncoated capillary. 
The high temperature had no detectable negative effect on the resolution after repeated 
runs.
Figure 2 shows the electropherograms of the amplified Ki-ras gene of normal DNA without 
(a) and with on-line melting (b).
With the heating device at 65° C, only the dsDNA fragment is present. With the heating 
device at 95° C, part of the dsDNA molecules are melted into ssDNA molecules. Because 
of the complementary sequence of the single strands of one DNA molecule, their folded
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conformation is different, which leads to different mobility’s in the Sieving Buffer. This 
results in two different ssDNA peaks in the electropherogram.
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Fig 2. Electropherograms o f the Ki-ras PCR product o f normal DNA with (a) the heating flow at 65°C and (b) 
the heating flow at 95°C. Conditions: pressure injection o f 40 psi.s, constant running current o f 15 pA and a 
temperature o f the capillary o f 5°C.
As is the case for external heating and cooling, the dsDNA peak is still present with on-line 
melting, due to incomplete denaturation. This dsDNA peak can be used as an internal 
standard because the mutant and normal dsDNA molecules have the same migration 
time. The shift of the dsDNA peak is a result of a temperature effect on the migration time 
caused by the difference of the temperature of local heating (65°C versus 95°C). 
Oligonucleotides, salt, enzyme and nucleotides used in the PCR migrate from 6 to 7.5 min 
(not shown in panels b).
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Influence o f parameters on the yield o f single stranded DNA
The UV absorbance of ssDNA molecules is different from the UV absorbance of dsDNA 
molecules [11]. We defined the DNA melting efficiency as the ratio of the area under the 
curve (AUC) of the two ssDNA peaks and the AUC of the ssDNA plus the dsDNA peaks. 
Figure 3 shows the influence of the temperature of the heating device on the yield of 
ssDNA molecules of the Ki-ras PCR product of normal DNA. Melting of the dsDNA 
molecules is well established using a heating device at more than 85° C, which is in 
agreement with the calculated melting temperature of this PCR fragment, which is 80.5° C 
[8]. Since the calculated temperatures of the other PCR fragments are 78.9° C (N-ras), 
83.3° C (Mycoplasma) and 86.1° C (P53) we used a temperature of 95° C for further 
analyses to be sure of melting all different dsDNA samples used.
Pressure injection (psi.s)
0 50 100 150 200 250 300
Temperature heating device (°C)
Fig 3. Influence o f the temperature o f the heating device and the injected amount o f PCR product on the yield 
o f single stranded molecules o f the Ki-ras PCR product o f normal DNA. Conditions: constant running current 
o f 15 pA and a temperature o f the capillary o f 5°C.
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The influence of the injected amount of PCR product on the yield of ssDNA molecules of 
the Ki-ras PCR product of normal DNA is also shown in figure 3. Increasing the injected 
amount leads to a lower melting efficiency of dsDNA molecules probably as a result of 
more chance on renaturation. The yield of ssDNA molecules of different PCR products 
with the same concentration and the same injected amount differs for each PCR fragment, 
because also the length and the GC content of the PCR fragment influences the melting 
[8] and so the yield of ssDNA molecules. Because at low amounts injected the detection 
becomes a problem we used a pressure injection of 40 psi.s for further analyses.
To test the influence of the salt concentration of the running buffer on the melting 
efficiency, we used a 0.5x, 1x, 2x and 3xTBE running buffer. Increasing the salt 
concentration had a negative influence on the yield of single stranded molecules. This can 
be expected since increasing the salt concentration leads to a higher melting temperature 
and faster reannealing [8]. Further decreasing the salt concentration only resulted in 
longer migration times (data not shown). For further analyses we used a 1xTBE running 
buffer.
Influence o f parameters on the resolution o f the single stranded DNA peaks 
We investigated the influence of the voltage during the run, the concentration of the Non 
Gel Sieving Buffer and the temperature of the capillary on the resolution of the ssDNA 
peaks to find universal electrophoretic conditions for SSCP analysis. In this study we 
determined the resolution by dividing the difference in migration times between the ssDNA 
peaks by the migration time of the dsDNA peak.
The running voltage had no significant influence on the resolution. For further analyses we 
used a constant current of 15 pA. For the influence of the concentration of the NGSB we 
tested a 0.3x, 0.5x, 0.6x, 0.75x and a 0.8x NGSB diluted with 1xTBE. Decreasing the 
concentration to 0.5x had no influence on the resolution, but had a positive effect on the 
yield of ssDNA molecules. A further decrease had a negative influence on the resolution. 
For further analyses we used a 1:1 diluted NGSB (running voltage and NGSB data not 
shown).
The influence of the temperature of the capillary plays an important role in the resolution 
of the ssDNA peaks (Fig. 4). The optimal temperature is different for different PCR pro­
ducts. Not the length but the sequence of the DNA product is the reason for this effect. 
For the resolution of the single stranded molecules of the Ki-ras PCR product the optimal 
temperature of the capillary is 5° C.
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Temperature capillary (°C)
Fig 4. Influence o f the temperature o f the capillary cooling flow on the resolution o f the single stranded peaks 
o f different PCR products. Conditions: pressure injection o f 20 psi.s and a constant current o f 15 pA.
Figure 5 shows that using these conditions it is possible to separate the single stranded 
peaks of SW480 DNA, which contains a homozygous point mutation, and normal DNA.
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Time (min)
Fig 5. Electropherograms o f (a) the Ki-ras PCR product o f normal DNA and (b) a 1:1 mixture o f the PCR 
products o f normal DNA and the homozygous cell line SW480. Conditions: pressure injection o f 40 psi.s, 
constant current o f 15 pA and a temperature o f the capillary o f 5°C.
Conclusions
From the results we conclude that it is possible to melt dsDNA molecules into ssDNA 
molecules during analysis. The modification of the User Assembled Cartridge is simple 
and easy to accomplish. The use of a NGSB in an uncoated capillary, instead of a 4% 
linear PAA gel with a coated capillary, makes it possible to use a high temperature of the 
heating device, necessary to melt the dsDNA molecules, without a decay of the capillary. 
However, the resolution of the ssDNA molecules may be further improved by using other
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sieving polymers which can be used in uncoated capillaries. That remains a topic for 
further studies.
We investigated the influence of several parameters on the yield and the resolution of the 
ssDNA molecules. The outcome of the temperature of the heating device, the salt 
concentration of the running buffer, the voltage during the run and the concentration of the 
NGSB resulted in standard electrophoresis conditions for all PCR products. The optimal 
temperature of the capillary has to be determined separately for every individual PCR 
product. This is a disadvantage of the SSCP technique when used in an automated 
setting.
In this study we used on-line melting for the detection of point mutations using the SSCP 
method, but this melting during analysis can probably also be used for other applications 
like on-line hybridisation of a probe to a single stranded target DNA.
We feel that this on-line melting method contributes to a more automated and routine way 
of molecular diagnostics of human diseases.
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Abstract
We compared the use of capillary electrophoresis (CE) in a polymer network with the use 
of slab gel electrophoresis for the quantitative analysis of polymerase chain reaction 
(PCR) amplified DNA samples. We quantified residual lymphoma cells carrying a 
translocation between chromosomes 14 and 18, in consecutive patient peripheral blood 
samples that were amplified by competitive PCR. For CE analysis we used a 4% linear 
polyacrylamide network. Results show that the calculated number of translocations in 
patient samples using both analyses were comparable. We conclude that CE is a 
sensitive, non-radioactive, fast and accurate method for quantitation of competitive PCR 
products.
Introduction
Tumour specific markers can be used to monitor residual disease in patients during 
treatment. One of these markers is the reciprocal chromosomal translocation t(14; 18), 
frequently found in follicular lymphomas. Because of this translocation the bcl-2 gene on 
chromosome 18 is coupled to the immunoglobulin heavy-chain locus on chromosome 14. 
Random nucleotides are inserted between the two genes providing a patient specific DNA 
pattern [1]. The polymerase chain reaction (PCR) is a sensitive method to detect the 
presence of lymphoma cells carrying t(14; 18) by amplification of the translocation 
breakpoint [2]. Since, as a result of exponential amplification, small variations in reaction 
conditions can lead to large differences in product yield, an internal standard is needed for 
accurate quantitation. This internal standard has to be coamplified in the same reaction as 
the target DNA using the same primers for equal amplification efficiency.
For this purpose a competitive PCR has been developed [3]. Serial dilution’s of a known 
number of patient derived translocation molecules are coamplified with a fixed number of 
competitor translocation molecules. These competitor molecules serve as an internal 
standard. Plotting of the ratios of the two PCR products against the initial number of 
patient specific translocation molecules results in a patient specific calibration curve. By 
comparison of the ratio of the PCR products of an unknown number of patient 
translocation molecules coamplified with the same fixed number of competitor molecules 
with the calibration curve, the unknown number of translocations in the patient samples
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can be calculated. This way the residual disease of a patient with a non-Hodgkin's 
lymphoma (NHL) could be monitored after allogeneic bone marrow transplantation [4]. In 
this procedure, the competitive PCR products were analysed on conventional slab gels 
using radio-activity for detection.
The fast development of capillary electrophoresis (CE) prompted us to investigate whether 
this time consuming and laborious slab gel procedure could be replaced by automated CE 
analysis. Recently a quantitative analysis using capillary electrophoresis was described by 
Lu et al. [5]. However, they analyse products of a non competitive PCR, e.g. without the 
use of an internal standard. We analysed competitive PCR products of consecutive 
samples from a patient with lymphoma cells carrying t(14; 18) using capillary 
electrophoresis as well as the traditional slab gel electrophoresis. The unknown numbers 
of translocation molecules in the patient samples, determined using the two methods, 
were compared.
Experimental
DNA isolation
DNA was isolated [6] from a lymph node sample of patient 1 and from a lymph node 
sample and consecutive peripheral blood samples of patient 2. All samples contained 
lymphoma cells carrying t(14;18).
Oligonucleotides
Oligonucleotides were synthesised on a 391A DNA synthesiser (Applied Biosystems, 
Warrington, UK). The names and the sequences of the oligonucleotides used for the bcl-2 
region were: MBR3-Xhol; 5'-CCC TCG AGG AGC TTT GTT TCA ACC AAG TC-3' 
(position 2752 for the 7th nucleotide [7]) and MBR2; 5'-TCC CTT TGA CCT TGT TTC TTG 
A-3' (position 2826 [7]). Oligonucleotides used for the immunoglobulin heavy-chain region 
were: JH-CON; 5'-ACC TGA GGA GAC GGT GAC C-3' and JH-HindIII; 5'-TCA AGC TTA 
CCT GAG GAG ACG GTG ACC-3' (identical to JH-CON but contains 8 additional bases at 
the 5' site) [2].
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Preparation o f patient derived molecules
Several polymerase chain reactions were amplified in a Perkin-Elmer Cetus thermocycler 
480 (Norwalk, CT, USA). Each reaction contained 1 ^g lymph node DNA of patient 1 or 
patient 2, 500 mM dNTP's, 30 pmol of oligonucleotides MBR3-Xhol and JH-HindIII and 2.5 
U Taq DNA polymerase (Life Technologies, Gaithersburg, MD, USA) in a total volume of 
100 Ml, overlaid with 80 M mineral oil. Amplification started with an initial denaturation step 
at 94° C for 5 min followed by 35 cycles at 94° C for 1.5 min, at 55° C for 2 min and at 72° C 
for 2 min. The PCR products were pooled, separated from oligonucleotides on a 2% 
agarose gel, excised and electro-eluted by Biotrap (Schleicher & Schuell, Dassel, 
Germany). After precipitation the DNA was dissolved in 800 M water. The concentration 
was determined by absorbance measurement and from this, the number of patient derived 
translocation molecules was calculated. The translocation molecules of patient 1 were 
used as competitor molecules in the competitive PCR.
Competitive Polymerase Chain Reaction
The competitive PCR was performed as previously described [3]. Serial dilution’s of a 
known number of patient 2 derived translocation molecules were coamplified with a fixed 
number of patient 1 derived competitor translocation molecules in addition of 1 ^g K562 
DNA (contains no t(14;18) and serves as a negative control). Amplification was performed 
with 30 pmol of oligonucleotides MBR2 and JH-CON for 55 cycles with an annealing 
temperature of 58°C. Samples which were analysed using slab gel electrophoresis were 
amplified in the presence of 1.85 MBq/ml [a-32P]dCTP (Amersham, Buckinghamshire, 
UK). Other conditions were as described above.
One microgram of several consecutive peripheral blood DNA samples of patient 2, with an 
unknown number of translocation molecules, were also coamplified with the same number 
of competitor molecules.
Capillary
A fused silica capillary (310 mm (Leff) x 0.075 mm i.d.) (SGE, Ringwood, Victoria, 
Australia) was precoated with 3-methacryloylpropylmethoxysilane (Sigma, St. Louis, MO, 
USA). Additional coating was performed by purging with a 4% acrylamide (4% T, 0% C) 
solution containing 8 M of 10% N,N,N',N'-tetramethylethylenediamine (TEMED) and 4 M of 
10% ammonium persulfate (APS) per millilitre of acrylamide solution [8]. The acrylamide, 
TEMED and APS were all obtained from Bio-Rad Laboratories, Richmond,
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CA, USA. The acrylamide solution was left in the capillary for 18 h to polymerise at 15 bar. 
The filled capillary was mounted in an assembly cartridge and placed in a Bio-Rad 
BioFocus 3000 CE instrument (Bio-Rad, Hercules, CA, USA). After each run the capillary 
was rinsed with water for 5 min and filled again with the polymerised 4% linear 
polyacrylamide by purging for 5 min at 8 bar.
Analysis and quantitation o f PCR products using Capillary Electrophoresis 
The competitive PCR products were purified with the Magic PCR Preps DNA purification 
system (Promega, Madison, WI, USA) and dissolved in 50 M water. All samples were 
injected electrokinetically at reversed polarity (cathode at the injection side) of 280 V/cm 
for 10 s and separated under constant voltage of 425 V/cm, in a TAE running buffer (40 
mM Tris-acetate pH 8.3, 2 mM EDTA). UV absorbance was measured at 260 nm. During 
the runs the carrousel was kept at 15° C and the capillary was kept at 25° C.
Using the BioFocus 3000 Integrator program (Bio-Rad), the areas under the curves were 
determined (AUC). Ratios of the AUC of the serial dilution reactions were plotted 
logarithmically against the initial number of known patient 2 derived translocation 
molecules in the serial dilution reactions. This resulted in a patient specific calibration 
curve. Using this calibration curve, the number of unknown t(14; 18) translocation 
molecules in the patient 2 samples could be determined.
Analysis and quantitation o f PCR products using slab ge l electrophoresis 
Five microliters of 10-fold diluted PCR product in formamide were loaded on a 7% PAA 
(acrylamide:bisacrylamide=24:1), 7 M urea gel. Separation was performed in a 0.5xTBE 
running buffer (45 mM Tris-borate pH 8.3, 0.1 mM EDTA). The gel was exposed to an X- 
ray film (Kodak) and the autoradiogram was analysed by densitometric scanning on a LKB 
laser densitometer. Band intensities were determined using Gelscan XL software and the 
ratios were plotted logarithmically against the initial number of patient 2 derived 
translocation molecules.
Results
We used a competitive PCR to quantify residual lymphoma cells carrying a t(14; 18). 
Competitive PCR amplification of patient 1 derived translocation molecules resulted in a
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362 bp PCR product. Amplification of patient 2 derived translocation molecules resulted in 
a 312 bp PCR product. The 362 bp fragments were used as internal standard.
We analysed the competitive PCR products using capillary electrophoresis as well as slab 
gel electrophoresis. Because of electrokinetic injection, the samples analysed using 
capillary electrophoresis were desalted and purified using the Magic PCR Preps DNA 
purification system. To investigate whether the Magic PCR Preps DNA purification system 
had a predilection for the 312 bp or the 362 bp PCR product we analysed different 
radioactive samples before and after purification (Fig. 1). The results from densitometric 
scanning of the band intensities showed no predilection (data not shown).
Fig 1. Autoradiogram o f 3 different competitive PCR products before and after purification with the Magic 
PCR Preps DNA purification system. Lane 1: 1000 competitor molecules and 6000 patient derived 
translocation molecules before (b) and after (a) purification, lane 2: 1000 competitor molecules and 1000 
patient derived translocation molecules before (b) and after (a) purification, lane 3: 1000 competitor 
molecules and 600 patient derived translocation molecules before (b) and after (a) purification.
Figure 2 shows the quantitative analysis by capillary electrophoresis. Determination of the 
curve areas and plotting of the ratios resulted in a patient specific calibration curve with a 
correlation coefficient R = 0.993. The corresponding equation is ln(y) = 0.983 ln(x) - 8.031, 
where y is the ratio and x is the initial number of known translocation molecules.
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Figure 3 shows the analysis using slab gel electrophoresis. Scanning of the band 
intensities and plotting of the ratios against the initial number of known patient 2 derived 
translocation molecules resulted in a patient specific calibration curve with a correlation 
coefficient R = 0.970. The corresponding equation is ln(y) = 1.220 ln(x) - 9.895.
1 2 3 * 5 6 7 |  0 10 11 12 IS 1* IB ft 17 M 1i
362 bp 
312 bp
Fig 3. Autoradiogram of analysis using slab gel electrophoresis. Lane 1-14: coamplification o f serial dilution’s 
of a known number o f patient derived translocation molecules (10000, 8000, 6000, 5000, 4000, 3000, 2000, 
1000, 900, 800, 600, 400, 200 and 100) and 1000 competitor molecules in addition o f 1 j g  K562 DNA; lane 
15: control; 1000 competitor molecules; lane 16: control; 1000 competitor molecules and 1 j g  K562 DNA; 
lane 17-19: coamplification o f consecutive patient blood samples (resp. Feb '91, Aug '91 and Jan '92) with an 
unknown number o f translocation molecules and 1000 competitor molecules.
The results of the calculated number of unknown translocation molecules in the 
consecutive samples of patient 2 using capillary electrophoresis and slab gel 
electrophoresis are summarised in Table 1.
To check the reproducibility of CE analysis using electrokinetic injection, we divided a 
sample into three portions which were separately used for electrokinetic injection. The 
standard deviation of the ratio of the AUC was 3.2% (data not shown).
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Table 1. Calculation o f an unkown number o f translocation molecules in consecutive samples o f patient 2, 
using the patient specific calibration curves._______________________________________________________
Sample Date #t(14;18)/|jg DNA
Slab gel Capillary
1 Feb '91 9964±1566 12027±987
2 Aug '91 2854±274 3195±155
3 Jan '92 4084±444 5038±290
Discussion
The PCR is a sensitive method to determine the presence or absence of malignant cells 
carrying t(14;18). In the competitive PCR used in this study, translocation molecules from 
a patient were used as competitor molecules. Because the length of the amplified t(14;18) 
breakpoint differs in each patient, the internal standard molecules can be distinguished 
from the target molecules by size. This competitive PCR method can also be used to 
quantify other DNA or RNA molecules. Celi et al. have recently described a rapid and 
versatile method to synthesise internal standards [9], which can be used as competitor 
molecules in the competitive PCR.
The products of the competitive PCR are usually analysed on conventional slab gels. The 
preparation of these gels is time consuming, laborious and they can only be used once. 
We therefore used capillary electrophoresis in a polymer network. The preparing of the 
capillary is easy and it can be used for several automated analyses because the capillary 
can be filled again [10]. Another advantage of CE compared to slab gel electrophoresis is 
the detection. The detection of DNA molecules using UV absorption is direct and the data 
are stored in an electropherogram, which can be immediately used for evaluation. 
Detection of DNA molecules using radioactivity is hazardous, the gel has to be exposed 
which takes additional time and the band intensities have to be scanned after exposure to 
obtain information about the quantity. Scanning and subsequent computer analysis is time 
consuming and only part of the band is scanned. This means that any irregularity in the 
band can lead to different densitometric results. Another disadvantage of radioactivity and 
autoradiography is the non-linear dose-response relationship, e.g. the band intensities on 
an autoradiogram can reach a maximum. If the intensity of one of the bands on the 
autoradiogram reaches its maximum, the ratio of the band intensities is disturbed.
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Detection using UV absorbance doesn't suffer from this problem because there is a linear 
relationship between the number of molecules and the area under the curve.
Previously described methods for the analysis of competitive PCR products are: counting 
the radioactivity present in bands excised from agarose gel [11], or excised from 
polyacrylamide gel [12] and densitometric scanning of the bands on a negative film of an 
ethidium bromide stained agarose gel [13]. The first two methods use radioactivity and 
have the same disadvantages as using slab gel electrophoresis. Furthermore, excising 
bands is delicate and laborious. The third method uses scanning, with its previously 
discussed disadvantages.
Because samples analysed using CE have to be run sequentially while samples analysed 
using slab gel electrophoresis can be run all at once, total analysis time might be a 
disadvantage. In our study the analysis time for one sample was 20 min (10 min purging 
and 10 min running). It took about 6 h before all samples were analysed. The total 
electrophoresis time using slab gel electrophoresis was about 2 h, but regarding the 
additional time needed for preparing the gel, exposure and time consuming scanning and 
subsequent computer analysis we conclude that CE is much faster. Besides, the analysis 
using capillary electrophoresis is fully automated.
Results show that the number of translocation molecules calculated using both methods 
are within each others range. The correlation coefficients and the standard deviation of 
the ratio of the AUC (3.2%), obtained by injecting a sample 3 times, provide sufficient 
accuracy for screening of DNA or RNA molecules.
We conclude that CE is a non-radioactive, fast, accurate and sensitive method for the 
quantitation of competitive PCR products and because CE is automated it opens 
possibilities for genetic routine analysis.
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Abstract
Recently a point mutation (G1691A) in the coagulation factor V gene was shown to cause 
resistance for cleavage by activated protein C. The mutation is associated with an 
increased thrombotic risk and thusfar the most common genetic cause of thrombophilia. 
Current techniques to investigate the single base pair mutation at the DNA level use an 
assay based upon the polymerase chain reaction followed by restriction enzyme 
digestion or Southern blotting and allele specific probing. The method we describe here 
consists of a single PCR in which two specially designed allele specific primers and two 
consensus primers were used in one reaction to distinguish between homozygous 
normal, heterozygous and homozygous mutant individuals. Amplification products were 
analysed using Capillary Electrophoresis and on line UV monitoring.
The Allele Specific Amplification Protocol and subsequent CE analysis (ASAP-CE) is a 
convenient, fast, automated and highly reproducible method that can be used in a routine 
laboratory setting.
Introduction
In the anticoagulant pathway the role of Activated Protein C (APC), a vitamin-K- 
dependent serine proteinase, is to selectively inactivate pro coagulant factors Va and 
V llla [1]. Using a new APC-resistance assay, Dahlback et al. [2] recently showed that an 
autosomal dominant trait is associated with venous thrombosis. Bertina et al. [3], 
Voorberg et al. [4] and Greengard et al. [5] showed that a guanine to adenine point 
mutation at nucleotide 1691 of the gene coding for coagulation factor V (G1691A) is 
strongly associated with venous thrombosis. The mutation leads to substitution of the 
arginine residue at position 506 of the protein by glutamine. The presence of arginine 
506 is essential for the proteolytic inactivation of factor V by APC and the conversion to 
glutamine is therefore responsible for the resistance to APC cleavage. The factor V 
mutation is estimated to be present in 2-4% of the Dutch population [3] and in 7% of the 
Swedish population [6]. It was shown to be associated with a threefold increase in 
thrombotic risk [3,7]. About 40-50% of patients with familial thrombophilia show APC 
resistance, this makes factor V G1691A mutation the most common genetic cause of 
thrombophilia [3,6].
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APC resistance can be detected using an assay in which the clotting time of blood 
plasma is measured in the presence or absence of exogenous APC. When the ratio of 
the clotting times is below 0.84 x the normalised APC ratio, the patient is regarded as 
APC resistant. Because overlap in the APC ratios of patients and normal individuals can 
complicate diagnostics, an assay that allows direct detection of the factor V mutation can 
be of advantage. That way patients who are being treated with anticoagulants and for 
whom no proper APC ratio can be measured, can also be screened for the G 1691A 
mutation.
Current methods to determine the G1691A mutation include DNA sequencing, 
polymerase chain reaction (PCR) and subsequent restriction digestion with Mnl I or 
Southern blotting of the PCR products and subsequent probing with allele specific 
oligonucleotides [3]. For routine screening of patient samples a simple, fast and cost- 
effective method is important. The method we describe here is based upon a single PCR 
followed by direct analysis by Capillary Electrophoresis (CE) and on line UV detection. 
The semi-automated protocol is applicable for the molecular diagnosis of other diseases 
that are based on the presence of a point mutation.
Experimental
DNA isolation and amplification
Genomic DNA was isolated from whole EDTA blood by salt extraction [7] and 1 |ig was 
amplified by PCR in 50 |i l containing 50 mM KCl, 20 mM Tris pH 8.4, 1.5 mM MgCl2, 
0.001% gelatine , 125mM dNTPs, 15 pmol of each primer (see table 1) and 2.5 U Taq 
polymerase (Gibco BRL, Gaithersburg, Md ) and overlaid with 80 |il mineral oil.
PCR amplification was performed in an Eppendorf Mastercycler (Eppendorf, Hamburg, 
Germany) starting with a denaturation step at 95° C for 5 min, followed by 35 or 40 cycles 
of 95°C for 30 sec, 60 or 55°C for 30 sec, 72°C for 1 min 30 sec. The number of cycles 
and the annealing temperature depends on the primer set used: the first set shown in 
table 1A uses 35 cycles and 60° C and the second set in table 1B uses 40 cycles and 
55°C. After the last cycle, the extension phase was prolonged to 10 min to allow full 
extension of all products. A sample of 15 | l was loaded on a 2 % agarose gel stained 
with ethidium bromide, the remainder was used for analysis with capillary 
electrophoresis.
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Table 1A. Sequence and position o f primers used. First set o f primers used in the PCR.
primer sequence position nr
ASO-1F 5'-TTCAGCAGATCCCTGGACAGGCG-3' 1665-1691
ASO-1R 5'-AATAAGGACAAAATACCTGTATTCCTT-3' 1691-1717
CO-F 5'-CATACTACAGTGACGTGGACATCATG-3' 1576-1601
CO-R 5'-TCTCTTGAAGGAAATGCCCCATTA-3' intron 11
Table 1B. Second set o f primers.
primer____________________________sequence_____________________________position nr
ASO-2F 5'-CATGCAGATCCCTGGACAGGTG-3' 1669-1691
ASO-2R 5'-AATGCGGACAAAATACCTGTATTCCCT-3' 1691-1717
CO-2F 5'-TACTACAGTGACGTGGACATCA-3' 1578-1599
CO-2R 5'-TCTCTTGAAGGAAATGCCCCAT-3' intron 11
Allele specific nucleotides are underlined, mismatches are depicted in bold. The position o f the 
oligonucleotide primers is relative to the cDNA of factor V gene [8], the position and sequence o f CO-R and 
CO-2R is derived from Zoller et al. [9].
Capillary Electrophoresis
Instrumentation: An uncoated fused silica capillary, 200 mm effective length and 0.075 
mm internal diameter (SGE, Ringwood, Vic, Australia) was mounted in a User Assembled 
Cartridge and placed in a BioFocus 3000 CE instrument (Bio-Rad, Hercules CA, USA). 
CE analysis: Prior to all analyses the capillary was purged, using a pressure of 100 psi, 
with water (15 sec), 1 N NaOH ( 10 sec), 0.1 N HCl (10 sec ), 1xTBE (89 mM Tris-Borate, 
0.2 mM EDTA, pH 8.3) (10 sec), and then filled with Non Gel Sieving Buffer ( kindly 
provided by Bio-Rad, Hercules CA, USA) for 90 sec. This was followed by injection with 
0.01 N acetic acid for 4 seconds for stacking purposes.
Samples were pressure injected (400 psi.sec) without pre treatment and separated at 
reversed polarity (cathode at injection side) at 12.5 kV in NGSB as running buffer. The 
temperature of the cartridge and of the sample tray was 20° C and 15° C respectively. On 
line UV absorption at 260 nm was used for detection.
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Results and discussion
In order to generate PCR fragments that were derived from the normal or mutated allele, 
we used consensus oligonucleotides (COs, primers 1 and 4 in Fig. 1A) as well as a set of 
specially designed allele specific oligonucleotides (ASOs).
A
V -»G
T
1 2
3 4
B
.______________________202/200 bp
115/113 bp 
----------------------------- ►
138/137 bp
►
C
1 115/113 bp /
-------►--------------------— A--------------7
C
/  138/137 bp 4
Fig 1. (A) Schematic drawing o f ASAP-PCR, 1 = consensus primer (sense, CO-F), 2 = primer specific for 
normal allele (ASO-F), 3 = antisense primer specific for mutant allele (ASO-R), 4 = consensus primer 
(antisense, CO-R).
(B) Length o f the different PCR products for set 1 and set 2 respectively.
(C) Mismatches in both allele specific oligonucleotides to prevent formation o f heteroduplexes in the PCR.
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The consensus oligonucleotides have a double function. Besides generating the allele 
specific products when used together with the allele specific primers, the combination of 
both consensus primers generates a larger DNA fragment that serves as an internal 
control for quality and PCR efficacy of the patient sample. The allele specific 
oligonucleotides have two important features. First, the sense or forward (F) primer (ASO- 
1F, primer 2 in Fig. 1A) has a guanine at the 3' end, whereas the antisense or reverse (R) 
primer (ASO-1R, primer 3 in Fig. 1A) has a thymine at the 3' end. This way, the primers 
were designed to be specific for the normal and mutant allele respectively.
As shown in Fig. 1B, we expect the DNA from normal individuals to generate two 
products after PCR: a 202 bp internal control fragment and a 138 bp product specific for 
the normal allele. PCR on DNA from homozygous mutated individuals was expected to 
generate a mutant-specific 115 bp DNA fragment next to the internal control fragment. 
PCR applied to DNA derived from an individual that is heterozygous for the G 1691A 
mutation was expected to result in the generation of all three fragments. As a second 
important feature, the allele specific oligonucleotide primers have a stretch of 
mismatching bases at the 5' end (indicated in table 1). This is necessary to prevent the 
generation of heteroduplex DNA molecules of the internal standard molecule as a result 
of priming of the upper-strand of the mutant-specific PCR product (upper fragment in Fig. 
1C) with the lower strand of the normal PCR product (lower fragment in Fig. 1C) and 
subsequent extension by polymerase. Heteroduplex molecules could negatively interfere 
with subsequent electrophoretic analysis.
We tested a first primer set consisting of ASO-1F, ASO-1R and CO-F, CO-R primers 
(Table 1A) in a PCR on DNA samples derived from a normal and heterozygous 
individual. The results after agarose gel electrophoresis are shown in Fig. 2A.
The 115 bp mutant specific PCR product is not visible when the four primers are used in 
equal concentrations (Fig. 2A lane 6 vs. lane 2). We therefore tested the influence of 
altering the ratio of primers CO-F and ASO-1R versus primers ASO-1F and CO-R (Fig. 
2B). This way, the amplification of the normal DNA sample showed a decrease in the 
amount of 138 bp product at a ratio of 2:1 and 3:1 (Fig. 2B lane 3 and 4) while the 
amplification of the mutant DNA sample showed a 138 bp normal band at a ratio 1:1 and 
2:1 (Fig. 2B lane 8 and 9). We concluded that this primer set gave rise to non specific 
amplification products which could lead to false test results.
We therefore changed the design of the mutant and normal oligonucleotide primers and 
included an extra mismatch at the 3' end of the allele specific primers. The new set uses
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ASO-2F and ASO-2R primers which contain an extra mismatch directly adjacent to the 
allele specific nucleotide at the 3' position (see table 1B). To match the lower annealing 
temperatures of the newly developed allele specific primers, we also synthesised two 
new consensus primers (CO-2F and CO-2R) (table 1B). The expected fragment lengths 
after DNA amplification with these primer sets is shown in Fig. 1B.
M l  2 3 4 5 1  7 H 9 M 1 2 3 4 5 6 7  1 9  10 M 1 2 3 4
A B C
Fig. 2 (A) Analysis o f PCR products on ethidium bromide stained 2% agarose gel; M: 100 bp molecular weight 
marker, lane 1-4 wild type DNA. Lane 1: Set o f all four primers. Lane 2: primers CO-F and ASO-1R for 
amplification o f mutant fragment. Lane 3: primers CO-R and ASO-1F for amplification o f normal fragment. 
Lane 4: primers CO-F and CO-R for amplification o f the internal standard fragment. Lanes 5-8: the same for 
heterozygote DNA. Lane 9: negative control.
(B) The effect o f different ratios o f primer set CO-F and ASO-1R versus ASO-1F and CO-R. M: molecular 
weight marker. Lanes 1-3 for wild type DNA: ratios 1:1, 2:1 and 3:1 respectively. Lanes 4-6 for heterozygous 
DNA and lanes 7-9 for homozygous mutant DNA. Lane 10 negative control.
(C) M: molecular weight marker. Lanes 1-3: Results of amplification with the new primer set (CO-2F, ASO-2R 
and ASO-2F and CO-2R). Lane 1: DNA derived from normal person. Lane 2: DNA derived from heterozygous 
person. Lane 3: DNA derived from homozygous mutant individual. Lane 4: negative control.
The results of agarose gel electrophoresis of PCR products using the ASO and CO 
primers in one reaction is shown in Fig. 2C. Although the separation of the 137 bp 
fragment and 113 bp fragment is hardly visible after agarose gel electrophoresis, the new 
set seems to work in a specific manner. The identity of bands was confirmed by 
measuring their size after restriction digestion by Mnl I (data not shown). Because of the
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far better resolution, we subsequently analysed the products derived from controls and 
patient samples by capillary electrophoresis and on line UV detection. No non-specific 
results could be observed. The different electrophoretic patterns are shown in Fig. 3. The 
peak on the electropherogram derived from the mutant allele is at 8.4 minutes, the 
normal allele at 8.5 and the internal standard at 8.8 minutes.
homozygous
heterozygous
normal 
control
5 6 7 8 9 10
Time (min)
Fig 3. Results o f analysis by capillary electrophoresis. Electropherograms derived from normal, heterozygous 
and homozygous mutant and negative control after PCR.
We then performed a double blind screening of DNA derived from 20 patients and 
healthy control persons using the ASO-2F and 2R and CO-2F and 2R primer sets in one 
reaction. All resulting products were analysed by capillary electrophoresis. The results
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were 100% concordant with the results found with the Mnl I digestion protocol as 
described before [3].
The analysis by capillary electrophoresis showed good reproducibility although we 
observed a slight shift in migration times of peaks on the electropherogram when a large 
series of analyses were performed (n = 28, sd = 6.9%). This is caused by evaporation of 
Non Gel Sieving Buffer. When we determined relative migration times using the ratio of 
the migration times of the large fragment and the beginning of the PCR background 
material on the electropherogram (indicated in Fig. 3 as t0), the standard deviation in the 
migration times was minimal (n = 28; sd = 1.1%). In our current protocol, one CE analysis 
including purge and refill of the capillary takes about 12 minutes. A large series of 
samples (up to 25 samples) is analysed over night.
These data show that ASAP can be used to screen for factor V point mutation (G1691A). 
A similar approach using an extra mismatch at base four from the 3' end was described 
by Norby et al. [11] to screen a mitochondrial DNA mutation causing Leber's hereditary 
optic neuropathy. If the sequence surrounding the site of the mutation allows the design 
of allele specific primers without internal loops and without a strong homology to other 
DNA sequences, ASAP can be used to screen point mutations in other genes. ASAP is a 
simple and fast procedure and when used together with analysis by capillary 
electrophoresis it is highly suitable for routine analysis of point mutations. The use of 
capillary electrophoresis has additional advantages, i.e. it has excellent resolution and is 
highly reproducible, the performance is fully automated and the detection is non­
radioactive. As part of good laboratory practice (GLP), the raw data derived from the 
assay can be stored, subsequent data acquisition and analysis is easy.
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Abstract
Capillary electrophoresis has become a powerful analytical tool for the analysis of DNA 
restriction fragments and PCR products. The use of replaceable polymer solutions 
increases the lifetime of the capillary, improves the repeatability of the migration times and 
enables pressure injection. When pressure injection is used, rather than electrokinetic 
injection, it is assured that a representative part of the sample is introduced into the 
capillary. The possible lower resolution, which is a side effect of the pressure injection, 
can be made up for by an increase of selectivity. Using fluorescent labels, it is possible to 
detect DNA with a fluorescence detector under both native conditions in double stranded 
(ds) form, and under denaturing conditions in single stranded (ss) form. When DNA is 
separated in its ss form, as is necessary for DNA sequencing, we observe an increased 
selectivity compared to separation of that sample in its ds form. In this work, we exploited 
this increased selectivity for the analysis of denatured PCR products. It was found that 
DNA separated in the ss form yields superior separation; that is, a given analysis can be 
achieved with the same resolution in a shorter separation time compared to dsDNA. 
Therefore, it is advisable to separate DNA in the ss form if high resolution, size dependent 
separation is required. The enhanced resolution achieved with DNA migrating in the ss 
form enabled the separation of allelic ladders of short tandem repeats with a difference of 
4 base pairs in the 200 base pair range, with separation times no longer than 6 min.
Introduction
Capillary Electrophoresis (CE) has been recently used for the analysis of DNA restriction 
fragments and PCR products [1-3]. Fast analysis, low sample consumption, direct 
quantitation ability and automation are the main advantages over conventional slab gel 
electrophoresis. The first publications demonstrating PCR product analysis dealt with 
polyacrylamide gels fixed to the capillary surface [4]. Fixed gels are susceptible to sample- 
induced gel damage, which results in less repeatable migration times [5]. Secondly, 
bubble formation reduces the lifetime of the capillary. With the advent of replaceable 
polymer-buffer solutions these problems were overcome and the technique became more 
robust. Typical polymer-buffer solutions for DNA separations consist of
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linear polyacrylamide [6], hydroxyethylcellulose (HEC) [7], or 
hydroxypropylmethylcellulose (HPMC) [8]. Besides the above mentioned aspects, CE is 
also praised for its high resolution. However, resolution is a comprehensive concept and 
merits some additional discussion.
Suppose there are two closely eluting peaks with a certain difference in electrophoretic 
mobility and average mobility. The resolution can be written as the product of selectivity 
and efficiency:
•M VN  
R = ---------
Mav 4
2
where R is resolution, *m is difference in mobility (m /Vs), Mav is the average mobility
2
(m /Vs) and N the number of theoretical plates. The resolution is linear with the selectivity, 
which is calculated as the difference in mobility divided by the average mobility. The 
electrophoretic mobility of DNA can be influenced by several CE parameters like field 
strength [9], temperature [10] and most importantly polymer concentration [11]. The size 
based electrophoretic separation of DNA fragments in gels has been described by several 
models including the Ogston [12] and reptation models [13-15]. However the low viscosity 
replaceable polymer solutions used in CE show little resemblance with the rigid gels used 
in slab gel electrophoresis. Slab gels are generally modelled as a rigid network of pores, a 
model which is not applicable to a low viscosity polymer solution. Barron et al. have 
recently proposed that the mechanism behind DNA separations in uncross linked polymer 
solutions can be better described with a new model called "transient entanglement 
coupling" [16]. Experimental evidence for this new mechanism included the finding that 
DNA fragments can be separated in polymer solutions with polymer concentrations well 
below the entanglement threshold concentration [11]. It was also found that there exists a 
optimum polymer concentration for the separation of large DNA (>600 base pairs). As long 
as replaceable, low viscosity polymer solutions are used, there seems to be no optimum 
polymer concentration for the separation of small DNA (< 400 base pairs). A higher 
polymer concentration, above the entanglement threshold concentration, results in lower 
mobility and higher selectivity of small DNA fragments. For example ds DNA up to 300 
base pairs can be separated with single base resolution using a replaceable 6% linear 
polyacrylamide solution [6].
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However, the polymer solution is so viscous that it cannot be replaced by the rinse option 
of the CE instrument, but requires the use of a gas tight syringe. Furthermore, the 45 
minute analysis time which is required, is hardly competitive with slab gel electrophoresis. 
However, single base resolution is not always necessary for PCR product analysis, hence 
more dilute polymer solutions can be used, shortening analysis times considerably. These 
low viscosity polymer/buffer solutions can be replaced by the rinse option of the CE 
instrument, and provide 4 base pair resolution within 10 minutes of electrophoresis [17]. It 
must be mentioned that in this case, a DNA intercalating dye was present in the running 
buffer. Intercalators alter the structure of ds DNA and reduce the net charge of the DNA 
molecule [8,18]. These two aspects result in a decrease of the mobility, and an increase in 
selectivity.
The mobility of DNA also depends upon whether it is migrating in the native double 
stranded (ds) form or the denatured single stranded (ss) form. DNA sequencing is 
necessarily performed under denaturing conditions because the sequencing reactions 
deliver ssDNA molecules with a partly elongated complementary DNA strand attached. 
Denaturation is needed to give a correct, reliable, length based separation. This also 
influences the selectivity of the separation. Maniatis et al. [19] has shown that the mobility 
of ssDNA is lower than the mobility of equally long dsDNA.
Resolution is also determined by the efficiency of the separation. The best peak efficiency 
is achieved with electrokinetic injection, because the DNA molecules are concentrated 
against the gel interface during injection [8]. This is not the case for pressure injection, 
where a part of the polymer solution is replaced with sample. Injection of larger sample 
plugs, which is often necessary for samples having low analyte concentration, will lead to 
peak distortion and lower efficiency [20].
Electrokinetic injection yields good results with low-ionic strength samples, such as DNA 
molecular weight standards. Real samples, however, such as PCR products, contain 
significant amounts of chloride. These chloride ions compete with the DNA molecules for 
entrance into the capillary during electrokinetic injection. Longer injection times must be 
applied in order to introduce sufficient amounts of DNA into the capillary. Desalting of the 
sample in order to remove the competing small ions is one option [21]. However, this 
method is laborious, and one is never sure of the extent of recovery of the DNA after the 
desalting procedure. Dilution of the sample to create sample stacking conditions might be 
an option as well, but still requires a sensitive detection mode like Laser Induced 
Fluorescence (LIF) [22]. In any case, if quantitation of the PCR products is required, it is
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necessary to use pressure injection [23]. Pressure injection is the most straightforward 
method of sample introduction, which furthermore ensures that a representative portion of 
the sample is introduced into the capillary. The loss of resolution attributable to pressure 
injection (due to the parabolic profile of pressure-induced flow) may be compensated by 
the gain in selectivity, which can be achieved when separation is carried out under 
denaturing conditions. This study aims to determine whether separating PCR products in 
their ss form results in an improvement in their CE analysis, in terms of resolution or 
analysis time.
Experimental
Capillary Electrophoresis
All experiments were performed on a P/ACE 2200 from Beckman Instruments (Fullerton, 
CA, USA) which was equipped with an LIF detector. An Argon Ion laser (Beckman 
Instruments) tuned at a wavelength of 488 nm was utilised as light source. The emission 
light was collected through a bandpass filter of 520 nm. The sample was introduced into 
the capillary by pressure injection at 2 psi. The voltage was applied in the negative polarity 
and varied between 7.4 and 20 kV. Temperature of the capillary cartridge was maintained 
at 20° C or 40° C.
Capillaries with a length of 37 cm (30 cm from inlet to detector, l = 30/37 cm) were coated 
with polyacrylamide as described earlier [24]. Sieving buffers were prepared by 
polymerising 8% acrylamide in 0.1 M Tris-borate buffer pH 8.3 with 0.5% N,N,N',N'- 
tetramethylethylenediamine (TEMED) and 0.08% ammoniumpersulphate (APS) for 24 h at 
4°C. All chemicals were purchased from Sigma Chemicals, Bornem, Belgium. After 
polymerisation the buffer was diluted with water to a final concentration of 4% linear 
polyacrylamide. A 4% polyacrylamide is the highest concentration that can be rinsed 
through the capillary on the Beckman instrument within a reasonable time of 5 minutes 
and is above the entanglement threshold concentration [25]. For separations under 
denaturing conditions, the 8% polyacrylamide stock solution was diluted with a 14 M urea 
solution to a final concentration of 4% polyacrylamide and 7 M urea. The polymer solution 
buffer was replaced after each run by rinsing for 5 minutes at 40 psi.
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Amplification conditions
PCR samples of the HUMTH01 and HUMFES loci were amplified according to the method 
described by Kimpton et al. [26]. PCR amplification was performed using 2 ng of genomic 
DNA in a 50 |i l reaction volume. One primer of each reaction was labelled with the dye 
FAM (Fluorescein Amidite) from Applied Biosystems (Foster City, CA, USA). A part of the 
X-Y specific homologous Amelogenin gene was amplified according to Sullivan [27]. One 
primer was labelled with FAM.
A part of the BCR/ABL [28] fusion gene was amplified over 30 cycles for 30 s at 94° C, 30 
s at 58° C and 90 s at 72° C using the following primers: B1.1 sal: 5'-TCA GTC GAC CTA 
TGA GCG TGC AGA GTG GA and anti-A2.2: 5'-GGC TTC ACT CAG ACC CTG AGG 
CTC at a concentration of 0.33 |iM. PCR reaction was carried out in a volume of 100 |i l 
with 125 nM of each dNTP, 50 mM KCL, 20 mM Tris-HCl pH 8.4, 2.5 mM MgCl2 and 1.5
units of Taq  polymerase (Life Technologies, Gaithersburg, MD, USA). Three PCR 
reactions were pooled with a total of 255 | l. The PCR products were purified using the 
Wizard Preps DNA purification system from Promega (Madison, WI, USA) and collected in 
50 | l H2O. One | l of the purified product was reamplified using the same PCR buffers,
however the anti-A2.2 primer was added in a concentration of 0.6 |iM and labelled with 
fluorescein (primer purchased from Pharmacia Biotech, Uppsala, Sweden). ddATP was 
added to a final concentration of 0.32 mM. The dNTP concentration was 20 |iM. The PCR 
product was amplified for 25 cycles for 30 s at 94° C, 30 s at 53° C and 90 s at 72° C.
Mobility measurements
A fluorescein labelled dsDNA sizer (50-500 bp) from Pharmacia Biotech was used for 
mobility measurements. The sample was injected by pressure at 2 psi for 5 s into the 
capillary. Double stranded DNA was diluted with equal volume of water and injected into 
the capillary. Single stranded DNA was prepared by heating the dsDNA sample for 3 min 
at 95° C in a 50% formamide solution and consecutive snap cooling in water/ice for 3 min.
Results and discussion
Mobility of ds and ssDNA
The DNA 50-500 sizer from Pharmacia consists of 10 dsDNA fragments ranging from 50 
to 500 base pairs in 50 base pairs steps. One strand of each DNA fragment is labelled
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with fluorescein on the 5' end. DNA fragments from the Pharmacia 50-500 sizer can be 
detected with the LIF detector in ds and ss form (after denaturation) without the use of an 
intercalator. Labelling of one strand and the use of fluorescence detection also assures 
that, when DNA is injected in the ss form, only one strand is detected. This is not the case 
when UV detection is used, where even under denaturing conditions both DNA strands 
are separately detected.
û S 10 15
Time (min)
Fig 1. Eiectropherogram of DNA 50-500 sizer from Pharmacia. Upper electropherogram: Native conditions, 
Voltage =7.4 kV. Lower electropherogram: denaturing conditions, voltage = 14.8 kV. Capillary: i.d. 75 /mm, l =
30/37 cm, pressure injection o f 5 s, temperature = 20°C.
Figure 1 shows the electropherograms of the DNA sizer in the ds and ss form, migrating at 
200 V/cm and 400 V/cm, respectively. Size based electrophoretic separations of ssDNA 
are usually performed under denaturing conditions. Generally, urea is added to the 
running buffer to a final concentration of 7M, in order to keep the DNA single stranded and 
avoid the influence of DNA secondary structure on the electrophoretic mobility.
The mobility’s of ds and ssDNA under native and denaturing conditions were calculated 
using the voltage, migration time and capillary length, and were plotted against the
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number of bases or base pairs (Fig. 2). It is clear that the addition of urea has an influence 
on the mobility of ds and ssDNA. The denaturing, 7M urea buffer has a higher viscosity, 
which results in lower mobility’s for both ds and ssDNA. One also observes that
50 150 250 350 450
Base foairs}
Fig 2. Apparent mobility vs. base (pairs). Mobility’s were measured in 4% linear polyacrylamide at field 
strength o f 200 V/cm. (M) dsDNA no urea in buffer; ( • )  dsDNA 7M urea in buffer; (A) ssDNA no urea in 
buffer; (+) ssDNA 7M urea in buffer.
ssDNA longer than 50 bases has a lower mobility than dsDNA in buffers with or without 
urea. Single stranded DNA has its bases available for hydrogen bond formation with water 
or urea molecules. This apparently results in a lower charge-to-mass ratio, and therefore, 
a lower electrophoretic mobility. The migration of ds and ssDNA has also been studied in 
sedimentation experiments [29]. In low-ionic strength buffer, ssDNA has a lower 
sedimentation coefficient, which has been attributed to the fact that in its ss form the DNA 
adopts a more extended conformation which leaves the bases attainable for hydrogen 
bond formation. At high ionic strength, ssDNA adopts a random coil conformation and 
undergoes faster sedimentation than dsDNA. However, the DNA molecules in the 
Pharmacia sizer sample are too small to form true random coils; hence, the bases will be 
available for hydrogen bonding, regardless of the ionic strength.
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However, the largest fragment of the sizer appears to show some folding behaviour. This 
folding is evidenced by the dependence of the mobility on the field strength for this 
particular fragment (Fig. 3).
20
0 100 200 300 400 500
Field strength (V /tm )
Fig 3. Apparent mobility vs. electric field strength. dsDNA measured in buffer without urea, ssDNA measured 
in buffer containing 7M urea; (O) dsDNA 100 base pairs; (D) dsDNA 300 base pairs; (O) dsDNA 500 base 
pairs; ■ )  ssDNA 100 bases; (A) ssDNA 300 bases; ( • )  ssDNA 500 bases.
The mobility’s of ds and ssDNA were measured at different field strengths. It is well known 
that the mobility of large dsDNA (>1000 bp) strongly depends on the field strength. This 
effect is attributed to orientation and conformational stretching of the dsDNA molecules, 
induced by an electric field. It can be seen in figure 3 that the mobility of ssDNA is not as 
sensitive to the field strength as is dsDNA of the same length. Apparently, the more 
flexible ssDNA is already more extended than the dsDNA, adopting a more rod-like 
conformation. This is perhaps to be expected, as the ionic strength of the CE buffer is 
rather low (30 mM). A similar finding has been published by Luckey and Smith [30]. In 
their model for the mobility of ssDNA, they predict a weaker dependence of ssDNA 
mobility on field strength than that exhibited by dsDNA.
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It is well known that lower field strength will increase the selectivity of a dsDNA separation. 
This has been shown by McGregor and Yeung [9] using buffers containing 0.5% 
methylcellulose. The selectivity between 100 an 150 base pairs increases from 0.0604 at 
200 V/cm to 0.0625 at 100 V/cm (a rise of 3.5%). The selectivity between 300 and 350 
base pairs increases from 0.0416 to 0.0547 (a rise of 31%). However, a lower field 
strength also increases the time of analysis, which makes this option for improving the 
separation not so attractive.
In any case, the selectivity for ssDNA under denaturing conditions is higher than for 
dsDNA under native conditions. This can be seen in the electropherogram given in Fig. 1. 
Although the applied field strength during the run under denaturing conditions was two 
times higher, the greater selectivity for the ssDNA separation still results in a wider 
migration window (the difference in migration time between first and last eluting peak), yet 
the time of analysis is shorter.
The improvement in resolution which is achieved when DNA is separated in ss form can 
also be observed by comparing the CE separation of two allelic ladders of the HUMTH01 
and HUMFES loci under native and denaturing conditions (Fig. 4).
HUMTH01 and HUMFES are loci which contain short tandem repeats (STR) [31]. STR's 
are tri, tetra or penta nucleotides that are repeated sequentially on several places on the 
genome. They are used for testing for paternity, for personal identification and for 
diagnostic purposes [32,33]. They are easily amplified with the polymerase chain reaction. 
An allelic ladder consists of all repeats that might be present at that typical locus. Using 
the primer set described by Kimpton et al. [26], the HUMTH01 and HUMFES allelic 
ladders each consist of 7 DNA fragments ranging from 154 to 178 base pairs and from 
211 to 235 base pairs, with a step size of 4 base pairs in both cases [34,35]. The 
HUMTH01 locus has one exception for the 9.3 repeat, which has 173 base pairs rather 
than of 174. Sufficient resolution of all 14 peaks is obtained when DNA is separated in the 
ss form, while no resolution is visible when DNA is separated in the ds form. Baseline 
resolution of the HUMTH01 fragments have also been published by Butler et al. with the 
use of an intercalator [12]. Intercalators which are present in the running buffer form a 
complex with DNA molecules reducing their net charge and hence their electrophoretic 
mobility [8,18]. This results in better selectivity, and therefore better resolution; however, 
the effect is less dramatic than that observed for ssDNA. Separation of the allelic ladder 
HUMTH01 using labelled primers was published recently by Wang et al. [36]. However, 
the time of analysis can be much shorter when DNA is separated in its ss form. The
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applied field strength in the denaturing system was two times higher, which resulted in a 
faster analysis time for the denaturing system, as well as superior resolution.
Time-
Fig 4. Electropherogram of STR allelic ladders HUMTH01 and HUMFES loci. HUMTH01: 5 = 154 bp, 6 = 158 
bp, 7 = 162 bp, 8 = 166 bp, 9 = 170 bp, 9.3 = 173 bp, 11 = 178 bp. HUMFES: 8 = 211 bp, 9 = 215 bp, 10 = 
219 bp, 11 = 223 bp, 12 = 227 bp, 13 = 231 bp, 14 = 235 bp. Upper electropherogram: native conditions, 
voltage 7.4 kV. Lower electropherogram: denaturing conditions, voltage 14.8 kV. Capillary: i.d. = 75 pm, l = 
30/37 cm, pressure injection o f 10 s, temperature = 20°C.
The migration times of the various fragments in the DNA sizer can be fit to a second order 
polynomial as function of their length. Using the peak width and the plot of DNA migration 
time vs. fragment length, the peak width can be expressed in base pairs, reflecting the 
number of adjacent base pairs which are occupied by one peak. This number provides 
direct information about which DNA molecules can be distinguished from each other. The 
results are listed in Table 1. It is clear that the separation under denaturing conditions 
delivers better resolution. In the native system, a 5 base pair difference can be resolved in 
the 100 base pair range, while in the denaturing system a 2 base pair difference can be 
distinguished. The lower mobility of the ssDNA does require a longer analysis time. The 
increased resolution is of diminished value if it requires a longer separation time. 
However, if one employs a greater field strength for the denaturing separation (in this
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study, twice as high), the separation time is much reduced. Furthermore, Table 1 shows 
that under this higher field strength resolution is only slightly decreased.
Table 1. Resolution o f DNA separation expressed in base pairs as function o f DNA length.
Form ds ss ss ss ss
Temperature (° C) 20 20 20 40 40
Field strength (V/cm) 200 200 400 200 400
DNA lenath (bases)
100 4.6 1.1 1.5 1.2 1.4
150 4.5 1.4 1.8 1.3 1.4
200 5.5 1.5 2.2 1.4 2.2
250 5.8 1.5 2.5 1.6 3.5
300 8.0 4.6 4.0 4.2 4.4
350 7.5 4.1 4.2 4.0 4.6
400 10.0 4.2 5.0 5.9 7.1
450 11.0 4.2 4.8 4.5 5.8
500 11.0 4.5 5.9 4.5 7.2
The influence o f conformation (ds or ss), temperature and field strength on the resolution is  listed. Capillary: 
i.d. = 50 /m , l = 30/37 cm.
The numbers are only a rough indication and offer the reader the opportunity to compare 
the effects of field strength, temperature and the DNA's ds or ss form on the resolution. It 
is better not to pay too much attention to the absolute values. Resolution can always be 
improved if separation time is increased, or if one employs sample stacking.
The peak width for some DNA fragments (especially 400 bp) is aberrant. This may be 
caused by different folding of the ssDNA molecules, e.g. the ssDNA molecule may adopt 
an ensemble of conformations. Secondly, the peak widths of the DNA molecules are 
influenced by the amount of sample, and the amounts of the various DNA molecules are 
not the same. The relative standard deviation for the given values was approximately 
10%.
Influence of DNA secondary structure
When one is working with ssDNA, it is important to be aware of its propensity to adopt 
secondary structure. Different conformations can give rise to band compression, or more 
generally, to anomalous migration [37]. The anomalous migration behaviour of ssDNA is 
the principle upon which Single Stranded Conformation Polymorphism (SSCP) analysis is 
based. Different folding of ssDNA molecules gives rise to differences in electrophoretic
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mobility [38,39]. These differences are exploited for the detection of point mutations. 
However, if sequence differs, the separation of ssDNA is not purely size dependent even 
under denaturing conditions. Sequence dependent migration can make accurate base pair 
assignment difficult. Some sequence dependence has also been reported for small 
dsDNA fragments [40,41], but the effect is much more dramatic for ssDNA. It is for this 
reason that ssDNA should be separated at elevated temperature (e.g. 40° C) [37]. At such 
elevated temperatures, DNA secondary structure is melted out and electrophoresis 
becomes more purely size dependent. This is shown in Figure 5. A part of the Amelogenin 
gene was amplified and then sized using the Pharmacia DNA 50-500 sizer. PCR 
amplification of this region should yield two different PCR products of 106 and 112 base 
pairs, since the Amelogenin gene is polymorphic (located on both the X and Y 
chromosomes), and the sample contained DNA from both of these chromosomes [27]. 
The calculated number of base pairs is given in brackets in Figure 5. At 40°C, the correct 
values are obtained.
Fig 5. Accurate sizing at elevated temperature. Double injection o f DNA 50- 500 sizer and Amelogenin PCR 
product at 20°C (left) and 40°C (right). Capillary: i.d. = 50 mm, l = 20/27 cm, voltage = 10.8 kV.
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A higher temperature also results in an increase in electrophoretic mobility. The average 
mobility rise of all DNA fragments was 44% ( standard deviation was 1%; mobility rise was 
2.2%/° C ). Although the average selectivity for all of the DNA fragments did not change, 
the standard deviation in the selectivity rise was 11%. Electrophoretic separation of the 
DNA sizer at elevated temperature resulted in only slight differences in resolution (see 
Table 1). The decrease in buffer viscosity which is a consequence of running at higher 
temperatures results in both decreased separation times and faster replacement of the 
separation matrix.
Analysis of real samples
The resolution achieved by this method enables sizing of the STR's of the HUMTH01 and 
HUMFES loci. The difference in migration time between the peaks of the repeats is only a 
few seconds. This puts great demands on the accuracy of the system. If only single 
wavelength detection is available, the accurate sizing which is required can only be 
obtained if one utilises an internal standard, as previously discussed by Butler et al. [22].
i i t  i i  
i i i  i i
Amelogenin HUMTH01 HUMFES
4 5 6
Time (min)
Fig 6. Accurate sizing o f STR. Upper: double injection o f PCR products Amelogenin and STR sample. Lower: 
double injection o f PCR products Amelogenin and allelic ladders o f HUMTH01 and HUMFES. Capillary: i.d. 
50 mm l = 20/27 cm, voltage = 10.8 kV, temperature = 40°C, pressure injection o f 20 s.
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A PCR product from the Amelogenin gene was used as internal standard, allowing us to 
size the other PCR products. This internal standard was pressure injected just before the 
STR sample. The electropherograms were overlaid with matched peaks of the internal 
standard (Fig. 6). The repeat number could be obtained by comparison of the allelic ladder 
and the unknown sample. The fragment lengths of the sample were also calculated using 
the allelic ladder as a marker. An accuracy of 0.2 bp was achieved. By this method, 50 
samples of forensic interest were sized, and resulted in a 100% correlation with the results 
achieved on a automated slab gel sequencer (Applied Biosystems 373A). These CE 
measurements were performed using a 20/27 cm long capillary with i.d. of 50 |im. Note 
that sufficient resolution for accurate sizing is achieved with a separation time of only 6 
min.
The resolution achieved in the separation of small DNA fragments reaches the values 
which are required for DNA sequencing. Figure 7 shows the separation of a sequencing 
digest of a PCR product.
Fig 7. Electropherogram of ddATP terminated sequencing digest o f fragment o f BCR/ABL fusion gene. 
Capillary: i.d. 50 | m, l = 30/37 cm, pressure injection of 40 s, voltage = 10.8 kV, temperature = 40°C.
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Chain extension was terminated by the addition of ddATP to the PCR mix. This means 
that the sample contains large amounts of chloride, so that in order to introduce a 
sufficient amount of DNA into the capillary, a pressure injection is required. It is clear that 
the resolution is sufficient for sequencing of DNA up to 250 base pairs in length. 
Furthermore, the total analysis time is not more than 15 min. This type of rapid separation 
could serve to confirm the identity of a PCR product, an application which can be very 
important in the search for point mutations. The same purpose has been served by 
dideoxy fingerprinting (ddF) as discussed by Felmlee et al. using a fixed gel [42]. DNA 
sequencing using replaceable gels has also been published recently [43,44]. However, in 
those studies, electrokinetic injection was used. The present work demonstrates that one 
can achieve the resolution necessary to sequence PCR products up to 250 bases in 
length, even if one employs pressure injection.
Conclusion
Capillary electrophoresis is a powerful tool for the analysis of PCR products. The use of 
fluorescein labelled primers enables electrophoretic separation under denaturing 
conditions. When DNA is separated in its ss form, the selectivity of the separation is 
greatly increased, which results in significantly higher resolution. Even when separation is 
performed at high temperature to aid in DNA denaturation, and using a high field strength 
to ensure rapid separation, better resolution is obtained under denaturing conditions than 
under native conditions. We have demonstrated the separation of PCR products, 
separated in the ss form, up to 200 bases in length in under 6 min, with base-line 
resolution of fragments differing by 4 bases. The use of a replaceable separation matrix 
assures good reproducibility, as well as an accuracy of better than 0.2 base pairs in the 
assignment of short tandem repeats. The resolution provided by linear polyacrylamide 
under denaturing conditions is sufficient for sequencing of short PCR products (<250 bp), 
with analysis times under 15 min.
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Abstract
The acceptance of the Polymerase Chain Reaction (PCR) as an amplification method in 
molecular diagnostics and the fast development of Capillary Electrophoresis (CE) as an 
analysis method of those PCR products was a reason for us to investigate further 
integration of those two techniques. Using a fused silica capillary as a pipette we were 
able to compose a PCR mixture in the CE apparatus. Because a capillary can be 
thoroughly rinsed and the capillary electrophoresis apparatus is a closed system, the risk 
of contamination and therefore the occurrence of false positive results is minimised. The 
fact that a capillary electrophoresis system can be fully automated contributes to a more 
reproducible and standardised PCR composition protocol.
Introduction
Over the years the Polymerase Chain Reaction (PCR) [1] has become widely used in 
molecular diagnostics and biological research and accepted as a useful technique with 
many applications. However, it is difficult to introduce the PCR in routine diagnostic 
laboratories because of a major drawback of the technique: the occurrence of false 
positive results. These false positive results can be caused by sample to sample 
contamination or by the carry-over of previously amplified PCR products, known as 
amplicon contamination.
Several recommendations and guidelines have been described for the avoidance of 
those false positive results. These recommendations include physical measures like 
separate rooms for reagent preparation, template addition and PCR analysis, the use of 
disposable gloves and tips, aliquoting of reagents and avoiding re-amplification [2,3,4] as 
well as chemical measures like UV irradiation [5,6], Uracil DNA glycosylase treatment 
after dUTP incorporation [7], isopsoralen photochemistry [8], restriction enzyme digestion 
[9] or gamma irradiation [10].
Despite these recommendations the occurrence of false positives remains a fact. That's 
why in a routine diagnostic laboratory setting the use of a negative control (no template 
added) is obligatory. To exclude PCR artefacts, a double confirmation, based on length 
and nucleotide sequence, of the PCR products is strongly recommended. This
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confirmation can be performed by for example Southern Blotting or sequencing. Both 
confirmation methods are laborious and time consuming.
Since the introduction of Capillary Electrophoresis (CE) in the early eighties [11,12] this 
fast, non-radioactive, reproducible analysis method has found applications in many 
fields. Especially the amount of applications in the molecular research is rapidly growing. 
The accuracy and the ease for automation of CE prompted us to investigate whether we 
were able to use a capillary electrophoresis system not only to analyse PCR products but 
also to compose a PCR mixture using the capillary as a pipette. This has several 
advantages: The composition of a PCR mixture can be fully automated which should lead 
to a more reproducible and standardised PCR composition protocol. Because the 
capillary can be vigorously rinsed with chemical solutions it should be possible to 
eliminate DNA contamination from one sample to another. Another advantage is that a 
capillary electrophoresis apparatus is a closed system so the risk of amplicon 
contamination is further reduced. Using the capillary of the CE system as a pipette is a 
step towards integration of methods and fully automated molecular diagnostics.
Experimental
Polymerase Chain Reaction
DNA was isolated [13] from the cell line SW480. A Ki-ras PCR was performed in an 
Eppendorf Mastercycler 5330 (Eppendorf, Hamburg, Germany) using the 
oligonucleotides Ki-ras 1A; 5'-GGC CTG CTG AAA ATG ACT GA-3' and Ki-ras 1B; 5'- 
GTC CTG CAC CAG TAA TAT GC-3' (oligonucleotides were synthesised on a 391A DNA 
synthesiser (Applied Biosystems, Warrington, UK)). Dependent on the total reaction 
volume, 100 or 20 |i l, each PCR contained 0.5 (0.1) |ig SW480 DNA, 30 (6) pmol of 
oligonucleotides Ki-ras 1A and Ki-ras 1B, 250 |iM dNTP's and 2.5 (0.5) U Taq DNA 
polymerase (Life Technologies, Gaithersburg, MD, USA). The PCR mixture was overlaid 
with 80 (20) |il mineral oil. Amplification started with an initial denaturation step at 94° C 
for 5 min followed by 35 cycles of 30 s at 94° C, 30 s at 55° C and 60 s at 72° C. After an 
elongation step of 10 min at 72° C the PCR products were cooled to 15° C and analysed 
on a 1.8% agarose (Life Technologies, Paisley, Scotland) gel stained with ethidium 
bromide. The resulting PCR products had a length of 162 bp.
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Capillary Electrophoresis
An uncoated fused silica capillary (SGE, Ringwood, Victoria, Australia) (470 mm x 0.075 
mm i.d., with an effective length of 323 mm) was placed in a PRINCE Capillary 
Electrophoresis system (PRINCE Technologies, Emmen, The Netherlands) with a 
homebuilt LIF detector. This capillary electrophoresis system is suitable to perform this 
automated reaction mixture composition protocol. The system is known for its precise 
pressure application. This means that the injections but also the purge steps are 
substantially constant and thus very reproducible. Another advantage of the CE system 
we used is the capability for easily adapting hardware without disrupting the CE 
apparatus. Where other commercially available CE devices are perhaps more compact 
closed systems, suitable for routine applications, the PRINCE is more suitable for 
adaptations and research work.
Before each run the capillary was rinsed with 2N HCl for 5 min using 2000 mbar 
pressure. After this vigorously rinsing, the capillary was filled with a replaceable Non Gel 
Sieving Buffer (Bio-Rad, Hercules, CA, USA). All samples were pressure injected at 500 
mbar for 0.2 min. To avoid contamination of the sample with the Non Gel Sieving Buffer, 
the inlet side of the capillary was dipped (10 mbar for 0.1 min) in a TBE (90 mM Tris- 
Borate, 0.2 mM EDTA, pH 8.3) buffer before injection. Samples were separated using a 
constant voltage of -350 V/cm in a TBE running buffer.
Composing the PCR mixture with the capillary electrophoresis system 
With a fused silica capillary of 470 mm x 0.075 i.d. a volume of 10 |il can be transferred 
from the inlet side to the outlet side of the capillary by applying a pressure of 1000 mbar 
for 1 min. The master mix (containing all the reagents for the PCR except the DNA) was 
prepared for 10 reactions. To assure the reproducibility of the transferred volume, the 
concentrations of the PCR reagents were adjusted so that a minimum volume of 10 | l 
(1000 mbar pressure for 1 min) of each reagent was transferred to obtain the right 
amount of that reagent in the master mix.
Figure 1 shows a schematic drawing of the PCR composition procedure. All PCR 
reagents, in the appropriate concentrations, were placed in the tray of the PRINCE 
Capillary Electrophoresis system. Vials containing SW480 DNA (1 |il) or water (1 |il), 
overlaid with 20 |il mineral oil were also placed in the tray. Before preparing the master 
mix the capillary was rinsed with 2N HCl for 5 min using 2000 mbar pressure.
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B
Master mix sample sample sample sample sample sample
1 2 3 4 5 6
Fig 1. Schematic drawing o f the PCR composition procedure. A: composing a PCR master mix and B: 
distributing the master mix over the samples.
The HCl depurinates and degenerates DNA molecules and so decontaminates the 
capillary. After that the capillary was rinsed with PCR buffer for 1 min to avoid inhibition of
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the PCR because of the HCl. The master mix was prepared by transferring the PCR 
reagents one by one through the capillary by applying pressure for a certain time (Table 
1).
Table 1. Concentration o f the reagents and the transferring time and pressure applied for composing a PCR 
reaction mixture.
step reagents concentration pressure
(mbar)
time
(min)
1 PCR buffer 2x 2000 5
2 primer A 6 pmol/^l 1000 1
3 primer B 6 pmol/^l 1000 1
4 dNTP's 2.5 mM 2000 1
5 Taq 0.5 U/^l 1000 1
6 water 2000 2
7 air 300 1
All reagents were collected in a vial at the outlet side of the capillary. Purging with air as 
final step is necessary to empty the capillary and to mix the contents of the master mix. 
After preparing the master mix, it was distributed over the different sample vials by 
transferring it through the capillary, from inlet to outlet, using 2000 mbar pressure for 1 
min (= 20 |il). To eliminate cross contamination of the samples, the outlet side of the 
capillary was placed in 2N HCl for 1 min and, to neutralise, dipped in TBE buffer between 
each sample.
Results and discussion
Rinsing procedure
We used a fused silica capillary to compose a PCR mixture in the capillary 
electrophoresis system. Because the capillary is normally used to analyse DNA 
fragments, which stick to fused silica surfaces, we first had to develop a rinsing procedure 
to clean the capillary surface in order to prevent contamination of the PCR mixture with 
previously analysed DNA fragments. From our experiments (data not shown) we knew 
that a Ki-ras PCR (in a total volume of 100 |i l) performed on 20 |i l of sterile TBE buffer,
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which was transferred through the capillary, showed a positive result if we didn’t rinse the 
capillary thoroughly after previously analysing a Ki-ras PCR product. Figure 2, lanes 1 
and 2, shows that rinsing with 2N HCl using 2000 mbar pressure for 5 min is efficacious 
to decontaminate the inner surface of the fused silica capillary.
M 1 2 3 4 5 6  7 8 9 10
Fig 2. Analysis o f PCR products on an ethidium bromide stained 1.8% agarose gel. M: 100 bp molecular 
weight marker, Ki-ras PCR on 20 ml IxTBE 1: from the inlet after rinsing with HCl, no injection, 2: from the 
outlet after rinsing with HCl, no injection, 3: from the inlet after injection and 35 min separation, 4: from the 
outlet after injection and separation from 0 to 20 min, 5: from the outlet after injection and separation from 20  
to 25 min, 6: from the outlet after injection and separation from 25-30 min, 7: from the outlet after injection 
and separation from 30-35 min, Ki-ras PCR on 8:20 m11xTBE bulk, 9: 0.5 mg SW480 DNA and 10: water.
By placing the inlet as well as the outlet side of the capillary in a vial containing 2N HCl 
during rinsing, also the outer surface of the capillary ends is decontaminated. A 
precondition for this vigorously rinsing is the use of an uncoated capillary, since the 2N 
HCl solution will affect any present coating resulting in poor electropherograms, when 
the capillary is used for analysing again. For this reason we used a replaceable non gel 
sieving buffer containing a dynamic coating in an uncoated capillary to analyse the PCR 
products.
Figure 2 also shows that already after a single sample injection the inlet buffer is 
contaminated (lane 3), probably because the outer surface of the capillary is
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contaminated by placing the capillary in the sample during injection. The outlet buffer 
remains negative ("clean") (lane 4) until the analysed fragment reaches the outlet (± 22 
min, electropherogram not shown) (lane 5). Changing the outlet buffer every 5 min. 
shows that the buffer stays positive after the fragment has reached the outlet (lanes 6 and 
7). A possible explanation for this is that the outer surface of the capillary is contaminated 
by the fragment and thus every other buffer in which the capillary is placed afterwards 
becomes contaminated. Another explanation is, because the inlet buffer is contaminated 
after sample injection, there is a continuous flow of PCR molecules from the inlet buffer to 
the outlet buffer.
Figure 3, lane 1, shows that after one sample injection a PCR performed on 20 m l of the 
inlet buffer is positive (see also Fig. 2, lane 3). Lanes 2 to 5 show that after more sample 
injections the inlet buffer becomes more and more contaminated. This means that a new 
inlet buffer should be used after each sample injection to avoid severe contamination. 
This is especially important when the peak has to be fractionated to, for example, 
reamplify the DNA fragment.
M i  2 3 4 5 6 7
Fig S. Analysis o f PCR products on an ethidium bromide stained 18% agarose gel. M: 100 bp molecular 
weight marker, Ki-ras PCR on 20 ml 1xTBE from the inlet after 1: one injection, 2: two injections, S: three 
injections, 4: four injections, 5: five injections, Ki-ras PCR on 6: 0.5 mg SW4S0 DNA and 7: 1xTBE bulk.
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To determine the sensitivity of our PCR assay, we performed a Ki-ras PCR (total volume 
is 100 mil) on a known amount of DNA molecules. As can be seen in figure 4, the 
detection limit of the PCR is 100 molecules, so in our setting a capillary is called 
decontaminated if less then 100 DNA molecules are present.
M l  2 3 4 5 6 7 8
Fig 4. Analysis o f PCR products on an ethidium bromide stained 1.8°% agarose gel. M: 100 bp molecular 
weight marker, Ki-ras PCR on 1: 104 DNA molecules, 2: 103 DNA molecules, 3: 102 DNA molecules, 4: 10 
DNA molecules, 5: 1 DNA molecule, 6: 1010 DNA molecules, 7: 0.5 mg SW480 DNA and 8: water.
Besides the development of a rinsing procedure we also had to make some adjustments 
to the PRINCE capillary electrophoresis system to prevent contamination. Normally the 
vials in the tray of the CE apparatus are sealed with a starburst cap, to prevent 
evaporation of the sample in the vials during analysis. While the capillary and the 
electrode are pushed through those caps, the outside of the capillary is in contact with 
the cap. This means that when the outer surface of the capillary is decontaminated by 
placing it in a vial containing 2N HCl, the cap of that vial is contaminated. When 
transferring to another vial the capillary gets in contact with the cap and is contaminated 
again. We therefore removed the middle part of the cap to avoid contact of the capillary 
with the cap. Another adjustment we made was the relative position of the capillary and 
the electrodes. Because the capillary and the electrode diverge a little, to prevent that 
liquid is kept between them, the outside of the capillary is in direct contact with the wall of 
the vial. This also can cause contamination of the previous decontaminated capillary. To
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avoid this kind of contamination we placed the capillary and the electrodes in a totally 
vertical position so the capillary and the electrodes do not get in contact with the wall of 
the vial.
Composing a PCR mixture
By using a pressure of 1000 mbar for 1 min a volume of 10 |i l is transferred from the inlet 
side to the outlet side of a capillary with a length of 470 mm and an internal diameter of 
75 mim. The standard deviation of this volume is 1% (n = 15) and was determined by 
weighing the transferred amount of water. This standard deviation is comparable to the 
standard deviation of manual pipetting, which was determined by weighing 10 samples 
of 10 [L l pipetted by three persons (n = 30).
To minimise the amount of time needed to compose a PCR mixture we downscaled the 
reaction volume from 100 nl to 20 mil. Because, using this smaller PCR volume, less 
reagents are needed using the regular concentrations, we adjusted the concentrations 
so that a minimum of 10 nl is required for preparing a mixture for 10 reactions. This 
means that the concentration of the oligonucleotides was lowered from 10 pm ol/i l to 6 
pmol/il, the dNTP’s were 10 times diluted to 2.5 mM and the enzyme Taq DNA 
polymerase was diluted with PCR buffer to 0.5 U/|i l (Table 1). Using these concentrations 
the minimal pressure used was 1000 mbar and the minimal time used was 1 min. These 
values contributed to a higher reproducibility of the transferred volume. Another reason to 
adjust the Taq concentration is the high viscosity of the original solution due to the 
presence of glycerol. By diluting the solution 10 times the viscosity was approximately the 
same as the other PCR reagents.
To test the composition of the master mix using a capillary as a pipette, the composed 
master mix was distributed, by transferring it through the capillary from the inlet to the 
outlet (Fig. 1), over alternating negative (water) and positive (SW480 DNA) samples. 
Figure 5 shows that dipping the outlet side of the capillary in 2N HCl results in the 
elimination of cross contamination between samples, because all water samples are 
negative (lanes 1, 3, 5, 7).
Figure 6 shows another test for the master mix composition and distribution using a 
capillary. A serial dilution of SW480 DNA was placed in the CE tray. A Ki-ras PCR was 
performed on these samples after the master mix was added by the capillary. Again there 
is no cross contamination between the samples. The PCR on SW480 DNA where the
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master mix is composed and added manually (lane 8) and the PCR where the master mix 
is added by the capillary (lane 2) are equal in intensity.
M 1 2 3 4 5 6 7
Fig 5. Analysis o f PCR products on an ethidium bromide stained 1.8% agarose gel. M: 100 bp molecular 
weight marker, Ki-ras PCR on 1, 3, 5, 7 :2 0  ml water and 2, 4, 6: 0.5 mg SW480 DNA.
Fig 6. Analysis o f PCR products on an ethidium bromide stained 1.8% agarose gel. M: 100 bp molecular 
weight marker, Ki-ras PCR on 1: water, 2: 10'1 mg DNA, 3: 102  mg DNA, 4 : 10— mg DNA, 5: 10' 4 mg DNA, 6:
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10'5 mg DNA, 7 :10'1 mg DNA, with the mastermix added manually and 8: 10-1 mg DNA, with the mastermix 
composed and added manually.
This means that composing and distributing a master mix in a CE apparatus is as good 
as composing and distributing it manually.
Conclusions
We investigated the possibility to automate the composition of a PCR master mix using a 
capillary electrophoresis system as a pipette. An automated method of composing a PCR 
reaction mixture leads to a more reproducible and thus standardised PCR protocol.
Using a capillary in the CE system as an automated pipette has the advantage that the 
capillary can be vigorously rinsed. Our results show that rinsing with 2N HCl is sufficient 
to clean the capillary to prevent DNA contamination from one sample to another. The fact 
that the capillary is placed in a closed capillary electrophoresis system contributes to a 
contamination free PCR composition protocol. Our results also show that the accuracy of 
transferring a volume from inlet to outlet can be compared to manual pipetting.
Automation of composing a PCR master mix will, in the end, lead to a higher throughput 
of samples. It also leads to a higher reproducibility resulting in an overall quality 
increase. There are less "drop-outs" because of contamination’s, which results in a more 
efficient use of time.
This paper describes a first step in the integration of a nucleic acid amplification method 
and a powerful analytical technique. This combination provides an important tool in 
automation of DNA analyses.
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Summary
Summary
Capillary electrophoresis (CE) is a technique to separate different kinds of molecules 
(DNA, proteins, enantiomers, metal ions, etc.). The separation is performed in a narrow- 
bore fused silica capillary, with an internal diameter varying from 25 to 100 n m and a total 
length varying from 20 to 100 cm. An advantage of using these narrow-bore capillaries is 
that, because of the high surface-to-volume ratio, the Joule heat dissipation is very good. 
This allows the use of very high separation voltages (5-30 kV), which results in very short 
analyses times (3-30 minutes). However, the most important advantage is that capillary 
electrophoresis is fully automated. In combination with amplification methods this offers 
great potential in molecular diagnostics.
Recently, the different fields of application using CE are rapidly growing. In this thesis 
different applications using CE in molecular diagnostics are described.
Chapter 1 is a general introduction, in which the most important aspects and 
characteristics, the advantages and disadvantages, and the most important applications 
of CE are described. Furthermore a short literature overview is given. At the end of the 
introduction, the aim of this thesis is explained.
In chapter 2 is described how CE can be used for the detection of point mutations in the 
p53 gene using the Single Strand Conformation Polymorphism (SSCP) method. The 
results show the feasibility to separate fragments of the same length but differing in only 
one nucleotide, using a 4% non-denaturing linear polyacrylamide gel. To prove that the 
different single stranded peaks in the electropherogram correspond to different 
sequences, we collected the peaks in different fractions. All fractions were re-amplified 
and re-analysed. From the results we concluded that every single stranded peak 
represented a different sequence.
In chapter 3 the automation of the point mutation detection is described. A heating 
device was developed to melt double stranded DNA into single stranded DNA in the 
capillary during electrophoresis. This on-line melting has several advantages: no sample 
pre-treatment, less renaturation of the single stranded DNA in the tray of the CE 
apparatus and it offers a more automated and routine way of detecting point mutations.
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In chapter 4 is described how capillary electrophoresis can be used for the quantitation 
of competitive PCR products. A comparison was made between CE using UV detection, 
where the number of molecules can be calculated from the ratio of the area’s under the 
curve, and the traditional slab gel electrophoresis using radio activity, where the number 
of molecules can be calculated from the ratio of the band intensities on a autoradiogram. 
The results show that the calculated number of translocations in patient samples using 
both methods are comparable, but that CE offers a number of important advantages and 
thus is preferred to the traditional slab gel electrophoresis.
In chapter 5 the detection of the factor V point mutation is described, using an allele 
specific amplification protocol (ASAP) and CE analysis. This semi-automated method is 
compared to other existing methods for the detection of the factor V point mutation. The 
conclusion is that the combination of ASAP and CE is very suitable for the routine 
detection of known point mutations, because of the high resolution, high reproducibility 
and automated character of CE.
In chapter 6 the separation of single stranded DNA in denaturing gels is compared to 
the separation of double stranded DNA in non-denaturing gels. By using a fluorescent 
label and a fluorescence detector both DNA forms can be detected. The results show that 
the resolution of the separation of single stranded DNA is increased compared to the 
separation of double stranded DNA. Using the single stranded form, a given analysis can 
be achieved with the same resolution in a shorter separation time by increasing the field 
strength. This way PCR products in the 200 bp range with a difference of 4 bp can be 
separated within 6 minutes and short PCR products (< 250 bp) can be sequenced within 
15 minutes.
In chapter 7 is described how a capillary in a CE apparatus can be used as a pipette to 
compose a reaction mixture for nucleic acid amplification. Because a capillary can be 
thoroughly rinsed and the capillary electrophoresis apparatus is a closed system, the risk 
of contamination and therefore the occurrence of false positive results is minimised. The 
fact that a capillary electrophoresis system can be fully automated contributes to a more 
reproducible and standardised PCR composition protocol. The composition of a reaction 
mixture is tested by adding the mix to alternate positive and negative samples and to a
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serial dilution of DNA samples. The results show that rinsing with 2N HCl is sufficient to 
decontaminate the capillary and to keep the negative samples negative.
In summary, in this thesis different molecular applications are described in which 
capillary electrophoresis proved to be very suitable to use as an analysis technique.
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Samenvatting
Samenvatting
Capillaire electroforese (CE) is een nieuwe scheidingstechniek voor uiteenlopende 
soorten moleculen (DNA, eiwitten, enantiomeren, metalen enz.). De scheiding vindt 
plaats in een glazen capillair met een inwendige diameter variërend van 25 tot 100 |i m 
en een totale lengte variërend van 20-100 cm. Voordeel van deze dunne capillairen is 
de grote oppervlakte-inhoud ratio, zodat de warmte-overdracht zeer goed is. Dit betekent 
dat hoge voltages (5-30 kV) aangelegd kunnen worden om de moleculen van elkaar te 
scheiden. Gevolg hiervan is dat de analyses zeer snel zijn (3-30 minuten). Het grootste 
voordeel is echter het geautomatiseerde karakter van CE. In combinatie met 
nucleïnezuur amplificatie methoden heeft CE bij uitstek toepassingen in de moleculaire 
diagnostiek.
De laatste jaren is het toepassingsgebied van CE snel gegroeid. In dit proefschrift zijn 
een aantal toepassingen van CE in de moleculaire diagnostiek beschreven.
Hoofdstuk 1 is een algemene inleiding, waarin de belangrijkste aspecten en 
kenmerken, de voor -en nadelen en de belangrijkste toepassingen van CE worden 
beschreven. Daarnaast wordt ook een kort literatuur overzicht gegeven. Het doel van dit 
proefschrift wordt op het einde van de inleiding toegelicht.
In hoofdstuk 2 wordt beschreven hoe CE gebruikt kan worden bij de detectie van 
puntmutaties in het p53 gen met behulp van de Single Strand Conformation 
Polymorphism (SSCP) methode. Het blijkt mogelijk fragmenten met dezelfde lengte, 
maar met een op één nucleotide verschillende sequentie, van elkaar te scheiden met 
een 4% lineaire niet denaturerende polyacrylamide gel. Om te bewijzen dat de 
verschillende enkelstrengs pieken in het electroferogram overeen kwamen met 
fragmenten met verschillende sequenties, werden de pieken opgevangen in 
verschillende fracties. Alle fracties werden gereamplificeerd en gereanalyseerd. Uit deze 
resultaten blijkt dat iedere enkelstrengs piek correspondeert met een fragment met een 
verschillende sequentie.
In hoofdstuk 3 wordt een automatisering van de puntmutatie detectie beschreven. Een 
verhittingselementje op het capillair zorgt ervoor dat het dubbelstrengs DNA tijdens de 
scheiding in het capillair enkelstrengs wordt gemaakt. Dit betekent dat het open smelten
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van het DNA niet meer vooraf buiten het apparaat plaats vindt, maar on-line in het 
capillair. Dit heeft als voordeel dat het monster niet voorbehandeld hoeft te worden, het 
enkelstrengs DNA niet dubbelstrengs wordt in de carrousel van het CE apparaat en het 
geheel een meer geautomatiseerd karakter krijgt.
In hoofdstuk 4 wordt beschreven hoe CE gebruikt kan worden bij de kwantificering van 
competitieve PCR producten. Er wordt een vergelijking gemaakt tussen CE met UV 
detectie, waarbij de ratio van de oppervlakten onder de pieken een maat is voor het 
aantal moleculen en de traditionele slab gel, waarbij gebruik werd gemaakt van radio­
actieve labels en de ratio van de zwarting op de film een maat is voor het aantal 
moleculen. Uit de resultaten blijkt dat de berekende waarden van het aantal moleculen 
bij beide methodes vergelijkbaar zijn. Capillaire electroforese biedt toch een aantal 
duidelijke voordelen en is derhalve te verkiezen boven de traditionele slab gel 
electroforese.
In hoofdstuk 5 wordt de factor V Leiden puntmutatie detectie beschreven, uitgevoerd 
met behulp van een allel specifieke amplificatie protocol (ASAP) en geanalyseerd met 
behulp van CE. Deze semi-geautomatiseerde methode wordt vergeleken met andere 
bestaande technieken voor de factor V Leiden puntmutatie detectie. De conclusie van dit 
onderzoek is dat ASAP in combinatie met CE erg geschikt is voor de routine analyse van 
bekende puntmutaties, mede door de hoge resolutie, de reproduceerbaarheid en het 
geautomatiseerde karakter van CE.
In hoofdstuk 6 wordt de scheiding van enkelstrengs DNA, onder denaturerende 
condities, vergeleken met de scheiding van dubbelstrengs DNA, onder natieve condities. 
Door gebruik te maken van een fluorescerend label aan het DNA, kunnen beide vormen 
met een fluorescentie detector aangetoond worden. Uit de resultaten blijkt dat de 
resolutie van de scheiding van enkelstrengs DNA hoger is dan de resolutie van de 
scheiding van dubbelstrengs DNA. Dit maakt het mogelijk om de analyse uit te voeren in 
een kortere tijd, omdat de veldsterkte omhoog kan, zonder verlies van resolutie. Zo 
kunnen, in de enkelstrengs vorm, PCR producten met 4 basen verschil gescheiden 
worden in 6 minuten en PCR producten (< 250 bp) gesequenced worden in 15 minuten.
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In hoofdstuk 7 wordt beschreven hoe een capillair in een CE apparaat gebruikt kan 
worden als pipet. Op deze manier is het mogelijk om geheel geautomatiseerd een 
reactie mengsel in te zetten. De voordelen hiervan zijn dat de kans op besmetting veel 
kleiner wordt omdat een CE apparaat een gesloten systeem is en omdat een capillair 
heel rigoreus gespoeld kan worden. Verder is het pipetteren met een capillair heel 
nauwkeurig en erg reproduceerbaar. Het samenstellen van een reactie mengsel en het 
besmettingsvrij pipetteren is getest door een PCR mengsel aan afwisselend positieve en 
negatieve monsters toe te voegen en aan een verdunningsreeks van DNA. Uit de 
resultaten blijkt dat spoelen met 2N HCl voldoende is om het capillair DNA vrij te krijgen 
en de negatieve monsters negatief te houden.
Samenvattend beschrijft dit proefschrift verschillende moleculaire toepassingen waarbij 
capillaire electroforese uitstekend gebruikt kan worden als analyse techniek.
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List o f abbreviations
List of abbreviations
APS ammonium persulfate
APC activated protein C
ASAP allele specific amplification protocol
ASO allele specific oligonucleotide
AUC area under the curve
bcl b cell leukemia/lymphoma
bp basepair
cDNA copy DNA
CDCE constant denaturant capillary electrophoresis
CE capillary electrophoresis
CGE capillary gel electrophoresis
CIEF capillary isoelectric focusing
CITP capillary isotachophoresis
CO consensus oligonucleotide
CZE capillary zone electrophoresis
DAD diode array detection
dCTP 2’-deoxycytidine 5’-triphosphate
DGGE denaturing gradient gel electrophoresis
DNA deoxyribonucleic acid
dNTP 2’-deoxynucleoside 5 ’-triphosphate
ds double stranded
dUTP 2’-deoxyuridine 5’-triphosphate
EDTA ethylenediaminetetraacetic acid
EOF electroosmotic flow
FAM 6-carboxyfluorescein
F forward
GLP good laboratory practice
h hour
HEC hydroxyethylcellulose
HEX hexachloro-6-carboxyfluorescein
HOT hydroxylamine or osmium tetroxide
HPLC high pressure liquid chromatography
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HPMC
i.d.
JOE
kV
Leff
LIF
Mbq
MC
MEKC
min
NASBA
NGSB
NHL
PAA
PAGE
PCR
PEG
pI
psi
R
RNA
s
ss
SSCP
STR
TAMRA
TAE
TBE
TEMED
UV
VIS
VNTR
YO-PRO-1
hydroxypropylmethylcellulose 
internal diameter
2,7-dimethoxy-4,5-dichloro-6-carboxyfluorescein
kilo voltage
effective length
laser induced fluorescence
mega becquerel
methylcellulose
micellar electrokinetic chromatography 
minute
nucleic acid sequence based amplification 
non gel sieving buffer 
non-Hodgekin’s lymphoma 
polyacrylamide
polyacrylamide gel electrophoresis
polymerase chain reaction
polyethyleneglycol
isoelectric point
pressure per square inch
reverse
ribonucleic acid 
second
single stranded
single strand conformation polymorphism 
short tandem repeats 
6-carboxytetramethylrhodamine 
tris-acetate, EDTA 
tris-borate, EDTA
N,N,N’,N’-tetramethylethylenediamine
ultra violet
visible
variabel number of tandem repeats
1-(4-[3-methyl-2,3-dihydro-(benzo-1,3-oxazole)-2-methylidene]- 
quinolinium)-3-trimethylammonium propane diiodide
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Tja, dan denk je dat je de klus geklaard hebt, je proefschrift is helemaal af, blijkt dat het 
moeilijkste nog moet komen: het schrijven van een dankwoord, waarbij je iedereen voor 
gedane arbeid, gezelligheid en gegeven mogelijkheden wil bedanken. Op mijn voorstel 
om het dankwoord te laten bestaan uit ‘IEDEREEN BEDANKT!’, zodat ik tenminste 
niemand vergeet en passeer, werd met veel commentaar gereageerd, omdat 
verschillende mensen toch met naam en toenaam genoemd willen worden. Vandaar 
toch dit iets uitgebreidere dankwoord.
Allereerst wil ik mijn co-promotor dr. E. Mensink bedanken. Ewald, door jouw niet 
aflatende enthousiasme voor de wetenschap en jouw ‘neus’ voor nieuwe ontwikkelingen 
heb ik de kans gekregen het onderzoek te doen wat geleid heeft tot dit proefschrift. Ik wil 
je bedanken voor het in mij gestelde vertrouwen, je begeleiding op het lab en de 
gezelligheid daarbuiten.
Veel dank ook aan mijn beide promotores, prof. dr. T. de Witte en prof. dr. ir. F. Everaerts. 
Theo, bedankt voor je interesse, steun en gegeven mogelijkheden. Frans, ook al was ik 
niet meer verbonden aan de TUE, je hebt altijd je betrokkenheid bij mij en mijn 
onderzoek getoond. Heel veel dank daarvoor.
Heel veel dank ben ik verschuldigd aan mijn paranimfen Peter Linssen en Ruth Knops. 
Peter, we hebben samen de eerst stappen gezet in de wondere wereld die CE heet. Met 
vallen en opstaan hebben we de techniek toch aardig onder de knie gekregen. Bedankt 
voor het meedenken over en het uitvoeren van experimenten, de gezelligheid tijdens 
congressen, de goede gesprekken en je ondersteuning in moeilijke tijden. Ruth, je bent 
pas later bij het onderzoek betrokken geraakt en toch was je al snel vertrouwd met CE. Ik 
wil je bedanken voor je energieke inzet, voor het feit dat jij gelukkig altijd wist waar iets 
stond en voor het omgaan met mijn ‘buien’.
Alle (ex)collega’s van de DNA-club: Anniek, Annet, Ellen, Erik, Evelyn, Jeroen, Jon, 
Jules, Laura, Louis, Peewee en Toon en alle andere collega’s van het CHL en de 
afdeling bloedziekten, bedankt voor de gezelligheid en de fijne samenwerking. Toon, 
speciale dank aan jou, voor de vele uurtjes hulp bij mijn computer problemen.
Verder wil ik Aimée Paulussen bedanken voor de leerzame ervaring om begeleidster te 
zijn. Dat jij mijn eerste en tevens laatste student was heeft niets te maken met een 
slechte ervaring maar meer met het feit dat ik niemand kon vinden die zo gezellig was 
als jij.
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Marcel van der Schans, jou wil ik bedanken voor het bijbrengen van de grondbeginselen 
van CE. Ik heb je gedurende de jaren ontelbare keren gebeld over problemen, maar je 
bleef geduldig al mijn vragen beantwoorden. Bedankt voor de leerzame, waardevolle 
maar vooral ook gezellige samenwerking.
Mama, doordat jij bereid was zoveel uren op te passen kon ik met een gerust hart gaan 
werken en dit proefschrift afmaken. Bedankt voor je steun en liefdevolle opvang.
Mijn ouders, familie en vrienden wil ik bedanken voor hun morele steun en voor hun 
belangstelling naar mijn vorderingen op het gebied van de wetenschap.
Tenslotte wil ik mijn twee mannen bedanken. Joost, bedankt voor je grenzeloze 
vertrouwen in mijn kunnen en je waardevolle ondersteuning. Liefste Fer, jouw 
onverwachte te vroeg geboorte heeft de afronding van het proefschrift aardig vertraagd, 
maar je bent het meer dan waard.
Uiteindelijk wil ik dit dankwoord toch eindigen met ‘IEDEREEN BEDANKT!’.
Aldy
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Aldy Kuypers werd op 13 oktober 1965 geboren te Helmond. In 1984 behaalde zij het 
gymnasium diploma aan het St. Oelbert gymnasium te Oosterhout. Aansluitend 
studeerde zij Scheikundige Technologie aan de Technische Universiteit Eindhoven. 
Tijdens deze studie liep zij een bedrijfsstage bij DOW Chemicals in Terneuzen. Haar 
afstudeerstage liep zij op het Centraal Hematologisch Laboratorium (hoofd: dr. JMC 
Wessels) van het Academisch Ziekenhuis Nijmegen onder leiding van dr. EJBM 
Mensink. Na het behalen van de bul in september 1991, begon zij in januari 1992 aan 
een 2-jarig OIO project in dienst van de Technische Universiteit Eindhoven, 
gedetacheerd op de afdeling bloedziekten (hoofd: prof. dr. TJM de Witte) van het 
Academisch Ziekenhuis Nijmegen. Na de aanschaf van een capillaire electroforese 
apparaat op het Centraal Hematologisch Laboratorium in maart 1993 begon zij met het 
in dit proefschrift beschreven onderzoek. In juni 1994 startte zij met een door de Stichting 
voor de Technische Wetenschappen (STW) gehonoreerd project, onder leiding van dr. 
EJBM Mensink. De eerste resultaten van dit project: "Mutation analyses for the diagnosis 
of human diseases by automated nucleic acid amplification and CE techniques" zijn 
eveneens beschreven in dit proefschrift.
Zij is getrouwd met Joost de Wit en samen hebben zij een zoontje, Fer.
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